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With the limited reserves of fossil fuels and the environmental problems 
associated with their use, the world is moving towards cleaner, renewable, and 
sustainable sources of energy. Biomass is a promising feedstock towards attaining this 
goal because it is abundant, renewable, and can be considered as a carbon neutral source 
of energy. Amongst all the renewable sources of energy, biomass is the only source that 
can be converted to liquid fuels and chemicals. Gasification utilizes high temperatures 
and an oxidizing gas to convert biomass to synthesis gas (syngas, a mixture of CO and 
H2). Syngas can be further processed to produce liquid fuels, hydrogen, high value 
chemicals, or it can be converted to heat and power using turbines. Most of the 
downstream processing of syngas occurs at high pressures, which requires cost intensive 
gas compression. It has been considered to be techno-economically advantageous to 
generate pressurized syngas by performing high-pressure gasification. 
Most of the past studies on gasification used process conditions that did not 
simulate an industrial gasification operation. This work aims at understanding the 
chemical and physical transformations taking place during high-pressure biomass 
gasification at heating rates of practical significance. We have adopted an approach of 
breaking down the gasification process into two steps: 1) Pyrolysis or devolatalization 
(fast step), and 2) Char gasification (slow step). This approach allows us to understand 
pyrolysis and char gasification separately and also to study the effect of pyrolysis 
conditions on the char gasification kinetics. Alkali and alkaline earth metals in biomass 
are known to catalyze the gasification reaction. This potentially makes biomass feedstock 
 xxii 
a cheap source of catalyst during coal gasification. This work also explores catalytic 
interactions in biomass-coal blends during co-gasification of the mixed feeds. The results 
of this study can be divided into four parts: (a) pyrolysis of loblolly pine; (b) gasification 
of pine chars; (c) pyrolysis and gasification of switchgrass; (d) co-gasification of 
pine/switchgrass with lignite and bituminous coals.  
In the first study, pine particles (180-250 μm) were pyrolyzed in a Pressurized 




°C/s, temperatures between 
600-1000 °C, pressures in the range of 5-20 bar, and residence times of 2-28 seconds. 
The pyrolysis chars, gases, and tars were characterized using several techniques: N2 and 
CO2 adsorption, elemental analyses, ICP-AES, SEM, XRD, Micro-GC, FTIR-MS, and 
GCxGC-TOF-MS. The evolution of gases during pine pyrolysis at high pressure was 
studied by heating pine in a PTGA at 800 °C between 5-30 bar. Gas composition, both 
from the PTGA and PEFR, shows that, CO, CO2, H2, CH4 are the major light gases 
evolved, whereas, C2-C4 hydrocarbons, oxygenates, and benzene are the minor light gas 
species observed. The formation of polynuclear aromatic tars is considered to occur via 
gas phase molecular weight growth reactions. The pyrolysis pressure is considered to 
influence the char properties mainly through controlling the release of volatiles due to the 
differential pressure inside and outside of char particle. Pyrolysis temperature is 
suggested to affect the char properties through volatile release (between 600-800 °C), 
secondary pyrolysis reactions, as well as, through extreme carbonization (at 1000 °C) of 
the carbon structure. High temperature (1000 °C) and intermediate pressure (10 bar) 
chars are found to have the maximum graphite-like characteristics, and the lowest surface 
areas.  
 xxiii 
The knowledge of the char structure developed in the first part was helpful in 
understanding the char gasification reactivity in the second part. This study used the 
following gasification conditions: (a) 100 % CO2, 800 °C; and (b) 10 % H2O, 750 °C; 
and (c) mixtures of CO2 and H2O (750 °C). The following are the commonalities between 
CO2 and H2O as gasifying agents: The chars formed at higher pyrolysis temperatures 
were less reactive than those formed at lower pyrolysis temperatures. The gasification 
reactivity of the chars first decreased and then increased with an increase in the pyrolysis 
pressure. The overall reactivity profile for most of the chars showed three regimes during 
gasification; first regime with a high reactivity, second regime with a very low reactivity, 
and a third regime with a slightly increased reactivity. The first regime was associated 
with the high hydrogen and oxygen content in char (amorphous carbon). The second 
regime was associated with unreactive carbon, and the third regime was associated with 
the sudden exposure of active sites which were earlier masked by the unreactive carbon. 
There are some differences between the two gasifying agents: In CO2 as well as H2O 
gasification, the H/C and O/C ratios were found to be the best descriptors of initial char 
gasification reactivity. Langmuir-Hinshelwood modeling of char gasification in 
atmospheres containing both CO2 and H2O showed that the active sites are partially 
shared between the two gasifying agents. The catalytic effect of inorganics on Avicel 
char was found to follow the order: K > Ca > Mg. 
The third study involves the same reactors and analytical techniques used in the 
first two studies- but uses switchgrass as a feedstock. The differences in ash composition 
between pine and switchgrass make this energy crop an interesting feedstock to study. 
Gas and tar analysis results were comparable to those in pine. N-containing tars were 
 xxiv 
found in switchgrass because of its protein content. The switchgrass chars are more 
reactive than the pine chars by a factor of 2 to 14 due to their higher K content. The 
evolution of the char morphology is largely different in switchgrass owing to certain 
portions which are probably rich in silica. This possibly affects the volatile release. With 
an increase in the pyrolysis temperature and residence time, the initial reactivity of 
switchgrass chars decreases. However, the effect is not as pronounced as in the case of 
pine chars. The effect of the pyrolysis pressure is not apparent on the initial reactivity of 
switchgrass chars but can be observed in the complete reactivity profile. The K/Si ratio 
was found to be the best descriptor of reactivity because of two opposite effects: catalytic 
effect of K, and the deactivation of K by formation of potassium silicates. The three 
regimes of the gasification reaction were observed again, similar to pine chars. 
The last part of this work involves understanding the kinetics of co-gasification of 
coal-biomass blends. The chars used in this study were generated in a horizontal tube 
furnace (quartz reactor) and analyzed using all the analytical techniques mentioned in the 
first part. The hypothesis was that, the alkali and alkaline earth metals present in biomass 
will possibly catalyze the gasification of coal chars. It was found that the reactivity of 
Texas lignite chars was higher than that of switchgrass chars due to their higher surface 
area, H/C ratio, and higher Ca content. However, significant synergies were observed in 
the mixtures of bituminous char with pine/switchgrass chars. Adding ash from pine and 
switchgrass resulted in a significant enhancement in the gasification rate of both lignite 
and bituminous coal chars. In the case of lignite char, it was found that the catalytic effect 
of pine/switchgrass ash and the effect of K2CO3 were equivalent, which shows that 
biomass ash can be used as an inexpensive catalyst in co-gasification. In fact, in the case 
 xxv 
of lignite char, the rate of co-gasification was proportional to the K/Si ratio, irrespective 
of the source of K added to lignite char. We used Avicel char as a model compound to 
mimic the formation of potassium silicates at the gasification conditions used in this 










1.1 Need for Renewable Energy Sources. 
 Energy garnered the number one spot in "Humanity's top ten problems in the next 
50 years", a list made by the Nobel Laureate Prof. Richard E. Smalley in 2003 [1]. 
According to the World Energy Outlook 2013 published by the International Energy 
Agency (IEA) [2], the world energy demand increased by 26 % from 2000 to 2010 and is 
estimated to increase by 45 % by the year 2035 under the current policies. According to 
the IEA’s report, the electricity demand is projected to grow by 81 % from 2011 to 2035 
in the current policies scenario. Increased demand is most dramatic in Asia, projected to 
average 4 % per year by 2035. An increase in energy consumption is inevitable to 
improve the standard of living, especially in the developing regions. The energy demand 
in developed nations such as the United States is projected to show a moderate increase 
compared to the developing countries. In 2013, the energy consumption in the U.S. was 
97.3 Quadrillion Btu (QBtu) [3], and is projected to increase by 8 % in 2035 [4]. Figure 




Figure 1.1 U.S. energy consumption by source in 2013 [3] 
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 In the United States, the major energy sources based on consumption are 
petroleum (oil), natural gas, coal, nuclear, and renewable energy. The major users are 
residential and commercial buildings, industry, transportation, and electric power 
generators [5]. The pattern of fuel use varies widely by the sector as illustrated in Figure 
1.2. The numbers on the source side indicate the percent of source consumed by the 
specific sector. For example, 71 % of the oil is consumed by the transportation sector. 
The numbers on the right hand side of Figure 1.2 represent the percent energy of a 
specific sector that is derived from a particular source. For example, oil provides 92 % of 
the energy used for transportation, but only about 1 % of the energy used to generate 
electric power. Thus, almost all of our current transportation fuel needs today are met by 
petroleum. The industrial sector utilizes 25 % of the petroleum available to manufacture 
refined petroleum products other than transportation fuels, such as asphalt, waxes, special 
napthas, and petrochemical feedstock. While the importance of transportation fuels in the 
modern society is evident, the importance of the petrochemical feedstock must not be 
 





overlooked. These chemical pools are the precursors to the majority of the polymers, 
plastics, and specialty chemicals that comprise the products and technologies that 
improve our standard of living. 
 The shale oil reserves and the development of technologies such as hydraulic 
fracking have led to an upsurge in the U.S. domestic crude oil production [6]. The U.S. 
Energy Information Administration's (EIA) Annual Energy Outlook 2014 estimates that 
by 2016, the domestic crude oil production will reach a peak of 9.6 million barrels a day, 
on par with the known production rate in Saudi Arabia [4]. The EIA report projects that 
the U.S. domestic oil supplies, dominated by fracking, will begin to decline by 2020. The 
bases for these forecasts are estimates of the shale oil reserves. A 2013 Department of 
Energy report on technically recoverable shale oil—the amount that is recoverable 
without regard to cost—puts U.S. potential at 58 billion barrels [7]. That is equivalent to 
a little more than eight years of U.S. consumption at the current rate of almost 19 million 
barrels a day. The US will eventually have to turn to the Middle East for its future energy 
supply growth after the shale oil boom has run its course. Research shows that if the 
world produces and consumes oil at the rate as of 2006, the known world oil supply will 
be depleted in the next 30 years [8]. Since the major use of petroleum is in the 
transportation sector, policies to reduce oil consumption have tended to focus on the that 
sector. These policies usually seek to increase vehicle fuel efficiency or promote 
alternative fuels. Figure 1.2 shows that, 5 % of the transportation needs were contributed 
by the renewable (or alternative) sources in 2013. There is a burning need to improve that 
contribution, by developing efficient processes to harness renewable energy for fuel 
production.  
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 While the cost of energy and the depleting reserves is one concern, the need for a 
reduction in CO2 emissions, additionally complicates the situation. The global annual 
average temperature has increased by more than 1.5 degrees F between 1880 and 2012 
[9].  Figure 1.3 shows the emissions of greenhouse gases by economic sectors as of 2012 
as determined by the Environmental Protection Agency (EPA) [10]. Electricity 
production generates the largest share of greenhouse gas emissions. Over 60 % of our 
electricity comes from burning fossil fuels (Figure 1.2), mostly coal and natural gas. 
Greenhouse gas emissions from transportation primarily come from burning fossil fuels 
(mostly petroleum) for our cars, trucks, ships, trains, and planes. Emissions from 
industrial sector primarily come from burning fossil fuels for energy, as well as gas 
emissions from certain chemical transformations necessary to produce goods from raw 
materials. Thus, the fossil fuels are the largest contributors to the emission of greenhouse 
gases in the atmosphere. With a limited supply of fossil fuels and the environmental 
issues associated with them, the society is turning increasingly towards renewable 
sources to supplement our future energy needs.  
  
Figure 1.3 Greenhouse gas emissions by economic sector, 2012 [10] 
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1.2 Biomass as a Promising Feedstock for Fuels and Chemicals Production. 
 Biomass is a promising candidate towards attaining this goal, as it is the fifth 
largest energy source in the U.S., after petroleum, coal, natural gas, and nuclear energy. 
Biomass currently contributes to 4.6 % of the U.S energy consumption as shown in 
Figure 1.1. Biomass is CO2 neutral which means that any CO2 produced from biomass is 
balanced by the CO2 consumed while growing biomass [11]. The United States has more 
biomass available than is required to meet its food and animal feed needs. A recent report 
projects that, with the anticipated improvements in agricultural practices and plant 
breeding, 1.2 billion dry tons of biomass could be available for energy use by 2050 [12]. 
This amount equates to 21 QBtu/year of primary energy. Though biomass cannot meet all 
of our future energy needs, it can definitely provide a major contribution. Experts have 
predicted a gradual shift from a petroleum-based economy to a more carbohydrate-based 
economy, such that by the year 2030, 20 % of the transportation fuels and 25 % of the 
chemicals will be produced from biomass [13]. It should be noted that, amongst all the 
available sources of renewable energy, only biomass can be converted to liquid fuels and 
chemicals. 
 Biomass that is devoid of starches and simple sugars is called lignocellulosic 
biomass. In lignocellulosic biomass, cellulose and hemicellulose are tightly bound to 
lignin [14]. Cellulose (30–50 wt.% of dry feedstock) is generally the largest biopolymer 
fraction in biomass [14]. It is a glucose polymer with an average molecular weight of 
around 100,000. Hemicellulose (20–40 wt.%) is a short, highly branched polymer of five-
carbon (C5) and six-carbon (C6) sugars, with an average molecular weight of less than 
30,000 [14]. Lignin (5–25 wt.%) consists of highly branched, substituted, mononuclear 
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aromatic polymers. Ash (3–10 wt.%) is the residue that remains after combustion of 
herbaceous biomass [14]. It is composed of elements such as silicon, aluminum, calcium, 
magnesium, potassium, and sodium which form a part of plant nutrient system. Other 
compounds present in lignocellulosic feedstocks are known as extractives. These include 
resins, fatty acids, phenolics, minerals, and other compounds. 
 Lignocellulosics are perhaps the most promising class of biomass feedstock for 
producing value-added chemicals, as they are incredibly abundant, carbon neutral, and 
are not a food source for humans [15]. They can be grouped into four major 
categories: agricultural residues (such as corn-stover), dedicated energy crops (like 





Figure 1.4 Pathways for biomass conversion to fuels and chemicals [16] 
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 Lignocellulosic biomass can be converted into useful products via either bio-
chemical or thermo-chemical routes (Figure 1.4) [16]. These routes include: gasification 
to produce syngas (mixture of CO and H2), hydrolysis for sugar production, liquefaction 
and/or low temperature-pyrolysis (< 500 °C) for bio-oil production. These products can 
be further refined to produce alkanes, methanol, aromatic hydrocarbons, ethanol and 
liquid fuels. This work deals with the thermochemical route of gasification.  
1.3 Why High-Pressure Gasification? 
 The gasification process uses high temperatures (>700 °C), and an oxidizing 
medium (air/steam/CO2) to convert any raw material (“feedstock”) that contains carbon 
into syngas. The byproducts of gasification are CO2, light hydrocarbons (CH4), nitrogen 
and sulfur compounds (NOx, NH3, H2S, SOx), tars (i.e. condensable organic compounds), 
inorganic ash and particulates. As identified by the U.S. Department of Energy's National 
Energy Technology Laboratory (NETL), some of the key advantages of gasification 
process include [17] :-  
i. Feedstock flexibility: Gasifiers can accommodate a variety of coal grades or 
biomass types without significant process changes. This can improve project 
lifetime and make it less risky.  
ii. Product flexibility: Gasifiers can be coupled with advanced turbine technology to 
produce electricity in an IGCC (Integrated gasification combined cycle) plant; 
Syngas produced by gasification can also be further processed into liquid fuels 
(diesel, gasoline, jet fuel, etc.), hydrogen and synthetic natural gas, fertilizers or 
other high-value chemicals including anhydrous ammonia, phenol, naphtha, 
among many others.  
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iii. High efficiency: IGCC power plants offer efficiencies similar to or better than 
other coal power plants. Additionally, in a carbon dioxide capture and 
sequestration (CCS) scenario, an IGCC power plant is much more efficient than a 
pulverized coal combustion power plant. According to NETL, the major 
challenges in market penetration of gasification technology are its high capital 
cost and the difficulties of integration of IGCC plants with a wide variety of 
turbines.  
 Syngas needs to be scrubbed off tars and other contaminants for its downstream 
utilization. Syngas quality requirements depend on its end-use application. For example, 
presence of alkali metals will cause fouling, and particulates will interfere with the 
moving parts of a gas turbine [18]. H2S, NH3, HCl and tars deactivate the catalyst used in 
Fischer-Tropsch synthesis [19]. In general, syngas quality requirements are more critical 
for chemical manufacturing applications than for heat and power generation. Syngas 
clean-up (reforming) as well as most of the chemical synthesis applications, such as 
alcohol synthesis and Fischer-Tropsch reactions, require syngas to be supplied at higher 
pressures [16]. Hence, the gas needs to be compressed before its utilization. Compression 
is also required for power generation using turbines. More energy is expended in 
compressing a large volume of syngas downstream of the gasifier than in compressing 
the reactants (solid biomass and gasifying medium) upstream of the gasifier [20]. Techno-
economic analyses have suggested that high-pressure gasification may be more 
economical in large scales systems [18, 21]. Pressurized coal gasification is known to be 
advantageous because of the high coal throughput, reduction in pollutant emission, and 
enhancement in the intensity of the reaction [22]. Whether high-pressure biomass 
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gasification would be as advantageous as high pressure coal gasification is a matter of 
contemporary interest because of the limits on the size of the biomass gasification units. 
In this work, we attempt to understand the role of various parameters involved in high 
pressure gasification of biomass. The kinetic parameters obtained in this study will be 
helpful in the design and optimization of pressurized gasification.  
1.4 Current Understanding of Pressurized Gasification of Biomass. 
When biomass enters the gasifier, the following changes occur:-  
i. Drying. Biomass has an inherent moisture content of 5-35 %. Drying occurs at 
about 100–200 °C with a reduction in the moisture content of the biomass to 
below 5 %. 
ii. Devolatilization (pyrolysis). Pyrolysis can be defined as the thermal degradation 
of biomass in the absence of an oxidizing environment. During pyrolysis, the 
decomposition of different biopolymers in biomass is known to occur at different 
temperatures [23]. Hemicellulose is the first to degrade at about 220–315 °C. The 
pyrolysis of cellulose takes place in the temperature range of 315–400 °C, while 
lignin pyrolysis occurs over a broad temperature range of 150–900 °C. Chars 
(charcoal), gases, and tars are the solid, gas, and liquid products of biomass 
pyrolysis, respectively. Lower pyrolysis temperatures and longer vapor residence 
times favor the production of solids (chars). High temperatures and longer 
residence times increase biomass conversion to gas, and moderate temperatures 
and short vapor residence time are optimum for producing liquids. Chars, gases, 
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and tars are always formed, but their relative proportions can be varied over a 
wide range by adjustment of process parameters as shown in Table 1.1 [24, 25].  
iii. Char gasification. Char is the solid residue left over after pyrolysis. During 
gasification, the char (which is predominately carbon), reacts with steam, CO2, 
and/or O2 to form gases at temperatures > 800 °C.  
Commercial gasification processes employ high biomass heating rates (ca. 1000 °C/s) 
similar to those in fast pyrolysis. Different gasifier types are available [26] such as:-  
 Fixed-bed (updraft, downdraft, cross-draft) 
 Fluidized bed (bubbling, circulating, and twin-bed) 
 Entrained flow  
 Entrained flow reactors are preferred in IGCC plants. They operate at high 
temperatures (> 1000 °C) and with the pressure between 20 and 70 bars, entraining 
Table 1.1 Main operating parameters for pyrolysis processes. [24, 25] 
 






Yields (wt. %) 
    Liquid Char Gas 
Slow 0.1–1 400 hours 30 (70 % water) 35 35 
Intermediate 10–200 500 10–20 s 50 (50 % water) 25 25 
Fast >1000 500 < 2 s 75 (25 % water) 12 13 
Gasification >1000 800 >20 s 5 10 85 
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powdered fuel through the gasifying medium. These gasifiers are characterized by short 
residence times and large capacities and have excellent scale-up potential. When biomass 
enters a commercial gasifier, it undergoes pyrolysis in a few seconds, and the chars thus 
formed gasify in a slower, rate-limiting step [27, 28]. Pyrolysis and char gasification can 
thus be considered to occur in series. Therefore, while studying gasification kinetics, it is 
common to adopt a two-step approach- first step being biomass pyrolysis, and the second 
step being char gasification [29].   
 Kinetics of pyrolysis reactions has been studied extensively. A number of models 
to predict the composition of pyrolysis products have been developed and some of them 
have reasonable prediction capabilities [30-32]. However, since char gasification is the 
rate-limiting step, we would like to focus on literature studies that are associated with the 
kinetics of char gasification, rather than focus on the kinetics of pyrolysis. Pyrolysis 
conditions are known to affect the char structure and its chemical constitution which in 
turn are known to affect its gasification reactivity [29]. Hence, it is important to review 
studies that deal with the effect of pyrolysis conditions on the char structure and 
reactivity. Gases and tars are the other pyrolysis products besides char and there is known 
to be an interaction between the chars, gases, and tars (secondary reactions) during 
pyrolysis [33]. Therefore, in our literature review, we have also considered studies on the 
characterization of pyrolysis products at various operating conditions.  
 Table 1.2 summarizes a limited number of available literature studies which have 
analyzed the pyrolysis gases at high heating rates [34-38]. The higher the pyrolysis 
temperature, the higher is the heat flux across the biomass particle and hence its 
susceptibility to thermal degradation increases. In general, an increase in the pyrolysis 
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temperature reduces the yields of chars and tars and enhances the yield of light gases. 
Secondary reactions such as cracking and steam reforming of tars, reverse water-gas-shift 
reaction, and gasification reactions, are known to occur at high temperatures, and their 
extents are determined by the specific reaction conditions, such as residence time and 
presence of catalytic sites. Thus, the yields of major light gases such as H2, CO, CO2, CH4 
change, according to which of the above secondary reaction pathways is dominant. The 
solids residence time mainly determines the extent of pyrolysis reaction. Pyrolysis of a 
mixture of pine and spruce was observed to be completed within 0.35 s in an entrained 
flow reactor [39]. Black-liquor pyrolysis is known to be completed within 0.3 s in LEFR 
[27]. At shorter residence times, products from primary decomposition of biomass are 
observed. Longer residence times and higher temperatures favor secondary char forming 
Table 1.2 Pyrolysis yields and gas compositions in atmospheric entrained-flow reactors. 
 
 Dupont [34] Zanzi [35] Zanzi [36] Wei [37] Li [38] 






Particle Size (μm) 355-530             500-700 500-800 300-450 200-300 
Temperature (°C) 1000 750 900 1000 800 800 
Heating rate (°C/s) 500 500 500 500 1000 1000 
Solids Residence 
time(s) 
1 1.6 1.7 ~1.6 ~2 ~2 
Yields (wt.% feed)       
Char 8 7.2 5.9 14.6 5 3.2 
Gas 75 73 81 75.3 72 71.3 
Tar+ water (by diff) 17 19.8 13.1 10.1 23 17.8 
Gases (mol.%)       
CO 54.8 51.8 49.8 45.2 42 38 
CO2 3.7 9.4 8.2 8.6 12 16 
CH4 9.8 16.8 16 13.5 10 15 
H2 25.8 13.4 21 32.1 25 22 
C2H2 3.1 6.2 4.4 0.3 5 5 
C2H4 2.8 
C2H6 0 1.5 0.2 0.1 
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reactions [36]. Reduction in particle size favors gas formation over tar and chars, for a 
reason similar to that for high-temperature. Heat flux and heating rate are higher in small 
particles than the large ones.  
Thus, in very small particles, heat transfer is good enough so that the difference 
between reactor temperature and particle interior is very small (~10 °C). As the particle 
size increases, this difference increases, and heat transfer starts limiting the overall 
process. The particle size above which heat transfer becomes relevant is called the 
threshold particle size [40]. For pine saw-dust, this threshold was found to be 200 μm 
[37]. Decrease in particle size favors formation of H2 and CO [37, 41].     
 Table 1.2 shows that woody biomass usually yields more gases than agricultural 
residues. This is because the ash from the residues (like straw, olive waste) is known to 
favor charring reactions [42]. Since cellulose and hemicellulose are the main volatile 
matter in biomass, higher content of these is known to contribute to volatiles, while high 
lignin content is known to contribute to charring reactions [35, 37, 41]. Higher char 
yields are favored by high carbon content in the feedstock, low oxygen content, low H/C 
ratio, and higher content of coke forming components like lignin. Lignin, being more 
aromatic (lower H/C ratio) than cellulose, tends to form more char [43, 44]. The papers 
listed above have analyzed the gas components during high heating rate pyrolysis and 
have provided a reasonable speculation on the reactions responsible for the observed gas 
yields. However they lack two major components:  
i. A complete understanding of the pyrolysis chemistry at high heating rates. This 
includes a complete analysis of chars and tars along with the gases.  
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ii. The studies only deal with atmospheric pyrolysis and the question remains if 
similar pyrolysis chemistry will take place at pressurized conditions.  
Pyrolysis tars have been classified as [45]: 
i. Primary: Characterized by cellulose-derived products such as levoglucosan, 
hydroxyacetaldehyde, and furfurals; analogous hemicellulose-derived products; 
and lignin-derived methoxyphenols.  
ii. Secondary: Characterized by phenolics and olefins.  
iii. Alkyl tertiary tars: Methyl derivatives of aromatics, such as methyl 
acenaphthylene, toluene, and indene. 
iv. Condensed tertiary tars: Polynuclear Aromatic Hydrocarbon (PAH) series such as 
naphthalene, acenaphthylene, anthracene/phenanthrene, etc.  
The total oxygen content of tar decreases with an increasing temperature, favoring 
formation of CO, CO2, O-free aromatics and PAHs [46]. The average molecular weight 
 
 




of pyrolysis tars from white-oak particles in an entrained flow reactor decreased due to 
cracking of tars until 750 °C; after which molecular weight growth was observed at 
temperatures higher than 900 °C due to formation of PAH. The proportion of 3-4 ring 
aromatic PAHs increased above 800 °C [47]. A PAH formation pathway (Figure 1.5) has 
been hypothesized based on these observations [46]. Pyrolysis vapors are formed from 
the decomposition of bio-polymers. Degradation of hemicellulose and lignin starts at 
lower temperatures, while cellulose starts degrading at slightly higher temperatures. 
Pyrolysis products thus formed crack into smaller molecular fragments (furans, aldehyde, 
ketones), releasing H2, CO, CO2. Eventually these fragments crack into smaller 
hydrocarbons. As this molecular size reduction occurs, oxygen in these molecules is 
liberated as CO or CO2. Likewise, lignin products form smaller molecular species (such 
as olefins) and radicals. These radicals and small molecules combine to produce aromatic 
compounds by molecular weight growth reactions such as free-radical oligomerization 
reaction. Tertiary tars grow in molecular weight with the reaction severity and do not 
crack at high temperatures.  The decision to run a gasifier at high severity should be thus 
balanced by the consideration of the remaining tar composition which could be 
"refractory tar" [45].  
 At low biomass heating rates, the natural porosity allows the slow release of 
volatiles from the pyrolyzing particle, thus maintaining the morphology of parent 
biomass [48]. High heating rates result in abrupt release of gases from biomass, resulting 
in the loss of its original cellular structure, as seen under a scanning electron microscope 
(SEM). High temperatures cause the biopolymers to melt. As the char matrix softens, the 
pores are clogged and overpressure is created inside the char particles due to the trapped 
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volatiles leading to bubble formation. These gas-filled pockets can inflate to subsequently 
burst at higher pyrolysis temperatures [49, 50]. Such bursting phenomenon has been 
reported in an atmospheric entrained flow reactor [46]. High pyrolysis pressures have 
been reported to result in chars with a reduced cell wall thickness and larger 
voids/cavities (Figure 1.6) [48, 51]. The char particles did not rupture at high pyrolysis 
pressures simply because the external pressure did not allow the volatiles trapped inside 
the particle to be released freely. Thus, higher reactor pressure resulted in entrapment and 
formation of gas-filled pockets. The surface area of char was observed to decrease with 
an increase in the pyrolysis pressure [48]. For the char generated at 1000 °C, 1 bar 
(heating rate 500 °C/s) the surface area measured by N2 physisorption was 296 m
2
/g, 
while for the char formed at 20 bar, it was 236 m
2
/g. The chars generated at higher 
pressures were more graphitic than those at lower pressures [51]. Due to an increase in 
the degree of graphitization, the chars at high pressures were reported to have lower CO2 
gasification reactivity than the chars generated at atmospheric pressures. Raman 
spectroscopy of wood chars revealed that an increase in pyrolysis temperature results in 
the decrease in O-containing groups and the chars were highly aromatic [52]. Chars lost 
 
 
Figure 1.6 Cavities in char formed at high pyrolysis pressures [48] 
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their lignocellulosic structure and were transformed into polycyclic materials containing 
large aromatic structures at high temperatures [53].  
 Loss of reactivity due to high pyrolysis temperatures has been attributed to 
different factors in several studies, such as:- surface area [54], degree of graphitization 
[55] and the amount of alkali and alkaline earth metals in chars [56]. The pyrolysis 
reactors and the operating conditions used in each of the above studies were widely 
different, and thus, it is difficult to directly compare one study to another. Also most of 
the studies utilize chars generated by slow pyrolysis using a lab scale TGA. Thus, the 
char morphological and chemical evolution with temperature, pressure, and residence 
time will be drastically different than those of the chars generated by fast pyrolysis. The 
common themes that can be inferred from the foregoing discussion are: High degree of 
graphitization, loss of inorganics, loss of surface area, and decrease in O-containing 
functional groups in chars are some of the factors which can decrease the activity of char 
in their subsequent gasification reactions.     
 The reactivity of char varies with conversion. This is because, as the reaction 
proceeds, there is a change in the surface area, porosity, and inorganic content of char. 
Structural models try to correlate the change in surface area with conversion. Some of the 
structural models commonly used in biomass gasification are:-  
i. The Volumetric Model (VM) [57] assumes a simple linearly decreasing char 
surface area (S) with conversion (X). It assumes that the gasifying agent reacts 
with the char at all active sites both on the inside and outside surface of the 
particle: 𝑆(𝑋) = 𝑆0(1 − 𝑋), where So is the initial surface area.  
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ii. The Grain Model (GM) [58] or the shrinking core model assumes that porous char 
particles consist of an assembly of uniform nonporous grains and the reaction 
occurs on surface of these grains. Therefore the surface area expressed by the 
grain model decreases nonlinearly with conversion as:𝑆(𝑋) = 𝑆0(1 − 𝑋)
2/3.  
iii. The Random Pore Model (RPM) [59] predicts the surface area as a function of 
conversion depending on the initial pore structure parameter. The model considers 
overlapping of pore surfaces as they grow which reduces the area available for the 
reaction. The fitting parameter Ψ is a function of initial pore structure:   Ψ =  f(S'o, 
Lo, εo)
  
where S'o, Lo and εo represent the initial pore surface area, pore length and 
solid porosity respectively. The basic equation for the model is:   𝑆(𝑋) =
𝑆0(1 − 𝑋)√1 − 𝛹ln⁡(1 − 𝑋)                     
 Many such structural models exist, especially those developed for coal 
gasification [60, 61] and extended to biomass gasification. In general, these models are 
semi-empirical and use adjustable parameters obtained by fitting the experimental data on 
reactivity as a function of conversion. As an example, biomass gasification studies have 
found the RPM to be a better fit to reactivity data than the VM or the GM [60, 62]. 
However, the RPM can be used only when the reactivity reaches a maximum at lower 
ranges of conversion. The RPM was modified to predict a maximum in reactivity at 
higher conversions [63], as well as to predict a maximum at both lower and higher 
conversions [64, 65] by incorporating fitting parameters.  
 One of the major reasons attributed to varied reactivity profiles of biomass species 
is the content and dispersion of the mineral matter in different biomass feedstock. It is 
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commonly known that the alkali and alkaline earth metals in biomass enhance the 
gasification rate and that silica and alumina retard the gasification rate [62-64, 66, 67]. 
 The structural models have been modified so that the reactivity can be correlated 
to the total indigenous K content [63, 68], Ca content [64],  K and Ca content [69] and 
K/Si content [70]. However, none of these modified models could be applied to biomass 
feedstock outside of the ones used in these studies. Thus, there is a need to determine the 
factors affecting reactivity which can be applicable to any biomass feedstock. It is also 
important to understand the mechanisms by which the inorganics inherently present in 
biomass affect the char gasification kinetics. This will not only help in developing kinetic 
modes for biomass gasification, but will also help in understanding other processes such 
as co-gasification of coal and biomass.  
 There is a significant interest in co-gasification of coal and biomass because the 
gasification of blend is expected to have low tar content, high gas content, and faster 
reaction rate [71]. This is because alkali and alkaline earth metals in biomass have been 
shown to catalyze gasification of coal chars [72-74]. The process conditions at which 
synergies in co-gasification can exist and the mechanisms of those synergies are not well 
understood. A fundamental understanding of catalysis by alkali and alkaline earth metals 
will be thus helpful in explaining these attributes during co-gasification.  
1.5 Objectives and Organization. 
 Although a lot of work has been reported on the effect of pressure or temperature 
in biomass pyrolysis at high heating rates, the effect of both the factors together, has not 
been studied. With the advantage that high pressure gasification provides in reducing the 
cost of downstream compression, it has become important to understand this process. 
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This work aims at understanding the key processes involved in high pressure-high 
temperature gasification by using a pressurized entrained flow reactor which can achieve 




 °C/s. Another objective of this study is to understand the 
intrinsic gasification activity of high-pressure chars at conditions free of heat and mass 
transport effects. With this in mind, the following text has been divided into five parts.  
 Chapter 2 investigates the effects of temperature, pressure, and residence time on 
the pyrolysis of pine in an entrained flow reactor. Loblolly pine, naturally abundant in the 
southern United States is used as a representative of softwood species. Pyrolysis gases 
have been analyzed using a micro-GC. Tars were analyzed using GC-MS. Chars were 
thoroughly characterized for their physical attributes (N2 physisorption, SEM) as well as 
chemical characteristics (XRD, elemental analysis, ICP-AES). A hypothesis of the 
physical and chemical processes involved in high-pressure pyrolysis is obtained by 
deriving relationships between the observed properties of chars, tars, and gases in 
tandem.  
 Previous studies on char gasification kinetics mostly employ chars that were 
generated by slow pyrolysis and do not represent real chars that would form in an 
industrial process. Most kinetic studies appear to be masked by heat and mass transport 
limitations. While a plethora of models have been suggested for intrinsic gasification 
rates, there is yet no universal model which can be used for a variety of feedstock. This is 
because an attempt to understand all aspects of char structure in relation to its gasification 
activity has not been reported in the literature.  
 Chapter 3 attempts to fill this knowledge gap by studying the relationships 
between a variety of char properties and its CO2 gasification reactivity. These properties 
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are surface area, pore size distribution, degree of graphitization, O- and H- containing 
functional groups in the carbon matrix, and catalytic inorganic elements. Avicel 
(cellulose) has been used as a model biomass to study the catalysis by inorganic salts. 
Avicel was chosen because it could display pyrolysis structural evolution similar to 
biomass, and it does not contain any intrinsic inorganic elements. K2CO3 and CaO were 
the oxides chosen to represent alkali and alkaline earth metals in biomass. Char 
gasification in steam (10 % H2O) was also studied in this chapter to derive structure-
activity relationships. Kinetic modeling in mixed atmospheres of CO2 and H2O was 
performed to investigate the active sites involved in each of CO2 and H2O gasification.  
 Chapter 4 presents the efforts devoted towards pressurized pyrolysis and 
gasification of switchgrass. Switchgrass was chosen to represent energy crops. It has a 
higher ash content than pine. Specifically, the ash in switchgrass contains SiO2, which is 
known to have a negative effect on gasification kinetics. The similarities and differences 
in the pyrolysis behavior of pine and switchgrass have been studied. This is followed by 
structure-activity relationships of switchgrass chars in 100 % CO2 gasification.  
 Chapter 5 deals with the co-gasification of switchgrass with two grades of coals: 
Texas lignite and Illinois #6 bituminous coal. The gasification behavior of the two grades 
of coal is widely different mainly because of the ash contents in each of these coals. 
Blends of coal chars formed at different pyrolysis conditions with switchgrass chars, pine 
chars, switchgrass ash, pine ash, inorganic oxides etc. were gasified in 100 % CO2. The 
presence and absence of synergy in blends at various process conditions are explained. 
 Lastly, Chapter 6 summarizes the key learnings obtained from each of these 
studies.  Recommendations for further studies are also enlisted. 
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CHAPTER 2 
EFFECT OF TEMPERATURE, PRESSURE, AND RESIDENCE TIME 
ON PINE PYROLYSIS AT HIGH-HEATING RATES 
2.1 Background 
 Pyrolysis plays an important role as the first thermo-chemical step in gasification. 
Pyrolysis conditions are known to affect the char yield and reactivity, which are 
important considerations in optimizing the design and capacity of gasifiers [29]. Over the 
last two decades, several researchers have studied the effect of pyrolysis heating rate, 
temperature, residence time, and the biomass type on the physical structure and chemical 
composition of char [35, 54, 56, 75-77]. The effect of pyrolysis pressure on the evolution 
of structure of coal chars has been studied extensively [22, 78-81]. However, only a 
limited amount of work has been done to study the effect of pyrolysis pressure on 
biomass char structure and reactivity [51, 82, 83]. Most of the high pressure studies are 
conducted in pressurized TGA set-ups which provide a heating rate ~10-100 °C/min, 
which is almost two to three orders of magnitude lower than the likely scenario in an 
industrial operation. The combined effect of high temperature and high pressure at high-
heating rates remains, to the authors’ knowledge, largely unexplored. Hence, there is a 
need to study the effect of high temperature and high pressure on biomass pyrolysis 
products generated at heating rates of practical significance. 
 In this context, the aim of this chapter is to understand the key processes involved 
in high pressure, high temperature pyrolysis by using a pressurized entrained flow 




°C/s. Entrained flow reactors 
 23 
usually operate at much higher temperatures (> 1200 °C) and hence the operating 
conditions used in this study (< 1100 °C) are closer to the industrial fluidized bed type 
configurations [84]. Loblolly pine, naturally grown in the southern United States, is used 
as a representative of softwood species. The physical and chemical characteristics of 
char, along with the gases and tars evolved during high pressure pyrolysis of pine, are 
investigated using a variety of techniques. Understanding the influence of temperature, 
pressure and residence time on the evolution of pyrolysis products will shed light onto the 
chemistry of the pyrolysis process occurring in an industrial gasifier and would be helpful 
in understanding the role of char structure in their gasification reactivity. 
2.2 Experimental Methods. 
2.2.1 Feedstock.  
 Loblolly pine (Pinus taeda) wood was obtained near Oglethorpe, GA. Pine logs, 
debarked and chipped, were ground in a Wiley mill and sieved to various size fractions. 
Of these, the particles in the range of 180-250 µm were used for all pyrolysis 
experiments. Samples were stored in a refrigerator before use.  
2.2.2 Reactors.  
 A schematic of the pressurized entrained flow reactor (PEFR) used to generate 
high pressure chars is shown in Figure 2.1 [85]. A detailed design of this reactor can be 
found here [86]. In short, the reactor section consists of a ceramic tube (3 inch ID, 2 m 
long) placed inside an electrically heated tube furnace. The bulk gas (secondary gas) is 
preheated and passes through a flow straightener to produce a flat velocity profile as it 
enters the reactor. The balance gas (primary) is used to entrain the feed and inject it into 
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the center of the secondary flow. In a pyrolysis experiment, N2 was used both as primary 
as well as secondary gas. The particle feeding system is housed in a separate pressure 
vessel situated on the top of the main vessel. It consists of a feeder mounted on a load 





°C/s are achieved depending on the particle size and thermophysical properties of 
biomass. Reaction products (gases, char, and tars) pass through a  
liquid cooled collector probe where they are rapidly cooled by convection. The position 
of the collector probe as well as the gas velocities in the reactor can be adjusted to vary 
the residence time. A cyclone separator is used to collect the chars and the condensable 
tars are collected on a filter. The gases exiting the reactor were sampled using Tedlar® 
bags and analyzed using a micro-GC described in Sec 2.2.4. Pyrolysis was performed in 
 
Figure 2.1 Schematic of the Pressurized Entrained Flow Reactor (PEFR) 
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the temperature range of 600 to 1000 °C at 200 °C intervals and the pressure range of 5 to 
20 bar at 5 bar intervals. The gas phase residence time was maintained at 28 seconds for 
most runs. To study transient pyrolysis behavior, some runs were performed at shorter 
residence times (SRT) of 4 seconds and 15 seconds. In the rest of this chapter, chars will 
be referred to based on their formation conditions abbreviated as: 
Temperature_Pressure_Residence time (For example, 600_5 or 1000_5_4s). If residence 
time is not indicated, it is 28 s. 
 To complement the PEFR pyrolysis (high heating rates), some pyrolysis runs 
were performed in a Thermo Scientific TherMax 500 Pressurized Thermogravimetric 
Analyzer (PTGA). The PTGA operates at much lower heating rates ~10 °C/min. Biomass 
particles in the size range of 180-250 µm were heated at 10 °C/min in He to a final 
temperature of 800 °C and held isothermally for 90 min. This was done at 5-30 bar. The 
gases leaving the PTGA were analyzed using an online Nicolet iS10 FTIR analyzer and 
Thermo Scientific VG ProLab quadrupole mass spectrometer (MS).    
2.2.3 Characterization of Biomass and Char.  
 Proximate analysis (Table A.1) of biomass was performed according to the 
ASTM E870-82 protocol described in Appendix A. Ultimate analyses of both the 
feedstock and chars were performed by Huffman Laboratories, Golden, CO. Biomass was 
dried overnight under vacuum at 60 °C and the chars were dried at 105 °C in a flowing 
N2 oven to determine their moisture content.  
 Scanning electron microscopy (SEM) was used to investigate the morphological 
features in the biomass and char particles. A thermally assisted field emission SEM by 
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Zeiss-LEO 1530 series was used for this purpose. The typical gun voltage used was 5-6 
kV. Char samples were mounted on an aluminum stub using a double-sided carbon tape. 
Samples were coated using a Quorum Tech Q150T ES sputter coater with a 7 nm thick 
gold film for better conductivity of electrons during imaging. 
 Powder XRD measurements were performed using an X’Pert Pro PANalytical X-
ray Diffractometer equipped with a Cu monochromator (λ=1.5418 Å) and an X’celerator 
detector. The generator was set at 40 kV and 40 mA. All scans were run over the 2θ 
range of 10-90 °, using a step size of 0.03 ° and a scan speed of 1.5 second/step.   
 N2 and CO2 physisorption techniques were used to analyze the surface area and 
pore-size distribution of biomass and char samples. CO2 physisorption has been proposed 
in literature as a good complementary technique for the analysis of the micro-porous 
materials, as it can be used to assess the narrow micropores (size < 0.7 nm), where N2 
adsorption can be kinetically restricted (See Appendix A for a detailed explanation) [87-
89].  
 Micromeritics instrument ASAP 2020 was used for N2 physisorption (at 77 K) and 
CO2 physisorption (at 273 K) to determine the surface area of untreated pine and the short 
residence time (SRT) chars. Biomass and the SRT chars were out-gassed at 50 °C and 
105 °C, respectively, on the degas port of ASAP 2020 at a pressure of 0.01 torr for 5 
hours. The degas conditions used were milder, compared to those used for the remaining 
chars, due to the possibility of residual volatiles inside the SRT chars. Surface area was 
computed using Brunauer–Emmett–Teller (BET) equation for N2 physisorption isotherms 
and Dubinin-Radushkevich (DR) equation for the CO2 physisorption isotherms [90]. The 
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remaining chars (~28 s) were first out-gassed in flowing N2 at 50 cc/min using 
Micromeritics SmartPrep
TM
 by ramping the char up to 350 °C and holding for 6 hrs. The 
sample was then transferred to a clean tube before further degassing. This was done on 
the degas port of ASAP 2020 at 350 °C and a final pressure of 0.5 mm of Hg for at most 
12 hours. Micromeritics ASAP 2020 and ASAP 2050 were used for N2 (77 K) and for 
CO2 (273 K) physisorption of chars, respectively. BET equation was applied to both N2 
and CO2 isotherms to calculate the respective surface areas. In this chapter, the pore size 
classification will be done according to the IUPAC standard: micropores (pore width < 2 
nm), mesopores (2-50 nm), and macropores (> 50 nm) [91]. The surface area in 
micropores was calculated by applying Density Functional Theory (DFT) model in the 
MicroActive 2.0 software to the CO2 adsorption data. Meso- and macro-pore parameters 
were obtained by applying the Barrett-Joyner-Halenda (BJH) model to the N2 
physisorption data. The Non-Local Density functional Theory (NLDFT) calculation 
package in the MicroActive 2.1 software was used to calculate pore-size distributions 
over the entire pore range by incorporating both the N2 and CO2 isotherms. 
2.2.4 Characterization of Gases.  
 Pyrolysis product gases were analyzed using a Varian 490 micro-GC with four 
channels consisting of four 10m long columns: two Molecular Sieve 5A, one Plot 
column, and one Al2O3 column; four TCD detectors with the lowest detection limit of 10 
ppm for all gases. H2, N2, CO, CO2, CH4 and C2-C4 hydrocarbons were detected and 
analyzed in the product stream. All major gas species (except H2O) were quantified.    
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2.2.5 Characterization of Tars.  
 The condensable tars accumulated on the fume filter were extracted using Soxhlet 
extraction with dichloromethane (HPLC grade, >99.9%, Honeywell B&J, Muskegon, 
MI) as a solvent. The Soxhlet apparatus consisted of a 250 mL round-bottomed flask, a 
condenser, and an extractor tube, seated in a temperature-controlled heating mantle. The 
tar filter was placed in a cellulose thimble in the extractor and the solvent was heated to 
40 °C. The extraction was carried out for ~ 4 hours or 9-10 cycles, whichever was earlier, 
so as to obtain a clear filter at the end of extraction. The extracted tar, after suitable 
dilution, was injected in a LECO Pegasus® GCxGC-TOF-MS. This is equipped with a 
split-splitless injection port, a 10 m x 150 µm, 0.15 µm film DB-200 primary column, a 
0.7 m x 100 µm, 0.1 µm film DB-1 secondary column, and a LECO TOF-MS detector. 
The sample injection volume was 1 µL. Peak identification and area counts were done 
with LECO Pegasus® software.  The peaks were detected above a threshold S/N = 50.  
Peak identification was done by running library matches with the NIST MS database. 
2.3 Results and Discussion. 
2.3.1 Biomass Characterization.  
 The ultimate analysis of untreated pine is given in Table 2.1. The range of 
precision on the values reported in Table 2.1 is: C, H, N is +/- 0.3 % absolute, and O is 
+/- 0.5 % absolute. Many of the C-O and C-H as well as H-O bonds are broken to form 


































































































































































































































































































































































































































































































































































































































































      










































































































pyrolysis. The amount of ash in pine is very low, ~ 0.2 wt.%. The shape of the pine feed 
(Figure 2.2A), as seen under a SEM, is oblong with a fibrous, cellular structure. The BET 
and DR surface areas of untreated pine, as determined by N2 and CO2 physisorption, are 
2.2 m
2
/g and 43 m
2
/g, respectively, with 96 % of its surface area being microporous as 
observed in Figure 2.3. The X-ray diffractogram of untreated pine (Figure 2.4A) shows 
two broad peaks at 2θ values near 16 ° and 22 ° which are due to the (101) and (002) 
lattice spacing of the cellulose in pine [92-94]. The small peak at near 34.5 ° is also 
attributed to the cellulose in wood [92]. 
2.3.2 Gases.  
2.3.2.1 Evolution of Gases During Biomass Pyrolysis.  
 Major product of thermal decomposition of pine consists of volatiles. Volatile is a 
broad term for gases and tars (Section 2.3.3). The gases evolved during pyrolysis of pine 
in the PTGA at 800 °C, 5 bar are shown in Figure 2.5(A-C). The comparison of y-axis 
amongst these figures shows that CO, CO2, CH4, and H2 are released in large 
concentrations (major gases) during pyrolysis, while C2 hydrocarbons, oxygenates such 
as furan, acetic acid (or 2-hydroxyacetaldehyde), and aromatics like benzene are released 
in minor quantities (minor gases). The concentration of the major and minor gases ranges 
over two orders of magnitude, similar to the previously reported observations at 1 bar 
[36]. 
 Figure 2.5A shows that, even at high pyrolysis pressures, the decarboxylation of 
hemicellulose begins at ~180 °C, which is observed as the evolution of CO2 [95]. CO2 is 
also known to evolve from cellulose and lignin decomposition, but at higher temperatures 
 31 
[23]. CO follows closely at ~200 °C. CO at 1 bar is known to form by the removal of 
carbonyl and carboxyl groups of carbohydrates as well as from the primary 
decomposition of lignin [44, 95]. Lignin decomposition is known to occur over a broad 
temperature range (160-900 °C) [23], and hence, CO which originates from lignin, also 
evolves over a broad temperature range. The second peak of CO at ~80 min in Figure 




(A)    
 






Figure 2.2 SEM Images of A. Untreated pine (180-250 µm); B. Effect of Residence Time at 600 °C, 5 
bar; C. Effect of Temperature at 5 bar, RT= 4 s; D. Effect of Pressure at  600 °C, RT= 28 s. 
 5 bar 10 bar 20 bar 
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CH4 starts evolving at a slightly higher temperature (~250 °C) and is known to be a 
product of demethoxylation (breaking of O-CH3 groups) of lignin [96]. The continued 
CH4 evolution at higher temperatures has been attributed by the same authors to the 
charring (carbonization) process. 
 Figure 2.5B shows that alkanes (m/z = 29, 30; possibly ethane) are formed early 
on during pyrolysis (~250 °C), followed by alkenes (m/z = 27; possibly ethylene) and 
alkynes (m/z = 26; possibly acetylene). Hydrocarbons are considered to be products of 
 
 
Figure 2.3 Surface area (absolute) occupied by micro-, meso-, and macro-pores. The numerical values 
inside each column depict the percentage distribution of area amongst micro-,meso-, and macro pores. 
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secondary decomposition of pyrolysis vapors [97]. It is possible that alkanes (m/z = 29) 
convert into alkenes and alkynes by releasing H2, which peaks at the same time when 
ethylene and acetylene are observed as products (Figure 2.5A). H2 is also considered to 
form from the cracking of aromatic C-H and C=C bonds in lignin [23]. Some studies 
have shown that almost 77 % H2 yield is generated from the char itself, in the process of 
carbonization, while the rest is associated with lignin volatilization [98].  
 Figure 2.5C shows oxygenates such as furans and hydroxyacetaldehyde (HAA) 
which are known to be products of primary decomposition of cellulose [99]. These are 
also observed as tar species in short residence time runs from the PEFR (see Sect. 2.3.3). 
Furans peak early and are destroyed at 600 °C, which shows that they must undergo 
secondary decomposition. Hydroxyacetaldehyde starts forming at ~200 °C and peaks at 
800 °C. It has been known to form by a mechanism competitive to levoglucosan 
formation, due to the presence of alkali and higher temperatures [100]. In general, 
secondary decomposition of oxygenates such as furans, methanol, acetaldehyde, 
formaldehyde, acetic acid etc. released from carbohydrates and lignin is known to 
contribute to the evolution of CO2, CO, CH4 and other light hydrocarbons and observed 
as a second peak of these light gases in Figure 2.5A [43, 44]. A benzene peak (m/z=78) is 
observed at 700 °C, and is considered to form due to gas phase cracking of primary 
products of lignin [97]. Benzene is also considered to be a molecular weight growth 
product, formed from the hydrocarbon fragments in the gas phase [46]. The occurrence of 
hydrocarbons and benzene confirms that secondary reactions do occur in the gas phase 






Figure 2.4 XRD showing A. (top) untreated pine and the changes in its crystallinity as it falls 
through the PEFR at 800 °C, 5 bar at different residence times. B. (bottom) Pine chars 










Figure 2.5 Gas evolution during pyrolysis in the PTGA (heating rate 10 °C/min, final T=800 °C). 






















































































































































































 The presence of hydrocarbons early on during pyrolysis shows that secondary 
reactions occur at lower temperatures than those reported previously in atmospheric 
reactors (Table 1.2). This could probably be due to the kinetic effect of high operating 
pressure in the PTGA, i.e. due to higher concentration of oxygenates at high pressures 
enhancing frequency of molecular collisions leading to secondary reactions. This makes 
it important to understand the effect of changing temperature and pressure on gas yields.  
2.3.2.2 Effect of Pyrolysis Conditions on Gas Composition.  
 Total amount of dry gases formed can be obtained by the integration of area under 
the curve of the FTIR-MS signals in the PTGA and is shown in Figure 2.6 (A-C). Total 
quantity of major gases (CO, CO2, H2, and CH4) increases with the reactor pressure. The 
amounts of alkanes and oxygenates decrease with an increase in pyrolysis pressure, while 
that of olefins and benzene increases with an increase in pyrolysis pressure. Increase in 
pressure must increase the concentration of gases inside the reactor leading to a higher 
degree of secondary/tertiary reactions as hypothesized in Sec. 2.3.2.1. The decrease in the 
yield of alkanes and the corresponding increase in yield of olefins support the hypothesis 
that olefins must form via cracking of paraffins. The fact that the concentration of 
benzene increases with an increase in the pyrolysis pressure can be considered to be an 
evidence of the existence of molecular weight growth reactions at higher pyrolysis 
pressures in the PTGA.  
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 The composition of dry pyrolysis gases obtained in the PEFR is shown in Table 
2.2. While there are no obvious trends with respect to the pyrolysis pressure for the major 
light gases in the PEFR, the concentrations of C2-C4 hydrocarbons from PEFR decrease 
with an increase in pyrolysis pressure (Figure 2.6D). Figure 2.6A shows that the standard 





Figure 2.6 Product gas compositions in PTGA pyrolysis at 800 °C from 5-30 bar A. Major gas 
species. B. Minor gases on a logarithmic scale (alkanes, furan, acetic 
acid/hydroxyacetaldehyde). C. Minor gases (alkenes, alkynes, and benzene). D. Effect of 
pyrolysis temperature and pressure on C2-C4 hydrocarbon concentration from PEFR (showing 
standard error in measurement) 
 39 
PEFR are not directly comparable because the heating rates and residence times in each 
of these reactors differ significantly. 
 The effect of pyrolysis temperature and residence time on the gas composition 
was also studied in the PEFR and is shown in Table 2.2. With an increase in the pyrolysis 
temperature, the yield of H2 increases, but that of CH4 and C2-C4 hydrocarbons, 
decreases. The concentration of CO2 increases from 600-800 °C, but decreases from 800 
o
C to 1000 °C. The highest concentrations of CO and H2 at 1000 °C coincide with the 
lowest concentrations of CH4, suggesting the role of steam reforming of CH4, which 
would be thermodynamically favored at these high temperatures. High temperature 
produces more light gases through primary and secondary decomposition reactions. C2-
C4 hydrocarbons decrease due to two possible reactions: cracking reactions and free 
radical reaction to form large polynuclear aromatic hydrocarbons [46]. 
 The yields of major gas species can generally be explained by two important 
reactions: water-gas shift and steam reforming. Thermodynamic calculations of 
equilibrium constants show that, the steam reforming of CH4 is far from equilibrium at 
800 °C-1000 °C (Appendix A, Table A.2). Equilibrium concentration of CH4 is almost 
zero. Water gas shift reaction is closer to equilibrium at 1000 °C than at 800 °C. In 
literature, water-gas shift has been shown to be at equilibrium between 800-1000 °C, at 
longer residence times (10-100 s) in fluidized bed type configurations [34]. At the 
residence time of 28 s in the PEFR, we are far from equilibrium under the conditions 





The effect of residence time is mainly manifested in the concentrations of CO2, 
H2, CH4, and C2-C4 hydrocarbons. Concentration of CO2 decreases and H2 increases with 






































































































































































































































































































































































































































































































































































































decrease with an increase in pyrolysis residence time. The fact that light hydrocarbons are 
observed at short residence time suggests that some secondary cracking of oxygenates 
does occur even at 4 s in the PEFR, which, like the PTGA, can be attributed to the kinetic 
effect due to high pressures. 
2.3.3 Tars.  
 Tars found in two representative samples (800_5_ 4s, 600_5) are listed in Table 
2.3. The classification of tars into primary, secondary, and tertiary species is based on 
Evans and Milne's exhaustive work [97]. The table also lists the biopolymer from which 
the tar species could have possibly originated based on literature data [101-104]. The tars 
listed as "primary" were observed only in the 800_5_4s sample i.e. the short residence 
time run (Table 2.3A). The absence of levoglucosan (LG) as a primary tar species 
suggests that, the transglycosylation or intermolecular condensation [97] is not the 
dominant mechanism of cellulose pyrolysis under the pyrolysis conditions explored. The 
presence of alkali metals in pine leads to glycosidic rupture of cellulose, with dehydration 
of carbonyl groups, forming hydroxyacetaldehyde (HAA) and furans [99]. Furans are 
also known to be formed by another mechanism in competition with the formation of LG 
and HAA [105]. Phenol have been reported to be derived from the primary pyrolysis of 
lignin [101]. Molecular weight growth products are not observed at 4 s. Thus we can 
infer from the list of tar species at short residence times that, at 4 s in PEFR, pyrolysis is 
limited to primary and secondary decomposition products of biomass and no molecular 
weight growth products are observed, also complemented by gas analysis in Sec 2.3.2.2.  
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 The 600_5 sample did not show any traces of primary products, whereas the 
secondary and tertiary tars were dominant. Jarvis et al. proposed a mechanism through 
their observations of tars species from white oak pyrolysis at pyrolysis conditions similar 
to our study but at atmospheric pressure [46]. They observed that, phenols and 
dihydoxybenzenes (benzenediols) (Table 2.3B) were products from severely cracked 
lignin. Tertiary tars (Table 2.3C) like fluorene and anthracene were considered molecular 
weight growth products. They hypothesized that as the size reduction of carbohydrate and 
lignin occurs during pyrolysis, less oxygenated and smaller molecular species and 
radicals are formed. These small molecules and radicals combine to produce aromatic 
compounds by molecular weight growth reactions. These are called polynuclear aromatic 
hydrocarbons (PAHs), which constitute refractory tars formed during pyrolysis or 
gasification. Comparison of our data with Jarvis' hypothesis (on white oak with different 
inorganics content than pine) suggests that, we can extend the theory of formation of 
PAHs by free radical reactions at 1 atm, to higher pressures. The comparison between the 
average molecular formulae of these tars (C16H12) and the chars (C15H4) at 600 °C is 
consistent with their hypothesis that the tars are formed by molecular growth mechanism 
in the gas phase and are not evolved as aromatics from solid char as proposed by some 
researchers [106]. It should be noted that due to the high reactor pressure, some volatiles 
are trapped and condense on the char surface and these species do not make it to the fume 
filter. These were not analyzed in this work. 
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The experimental set-up used in this study made it difficult to provide a quantitative 
Table 2.3 List of primary, secondary, and tertiary pyrolysis tars formed at different pyrolysis 
conditions 
 
A. Primary Tars (800_5_4s) 





























































 5-Oxotetrahydrofuran-2-carboxylic acid     
 
B. Secondary Tars (600_5) 
























C. Tertiary Tars (600_5) 
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description of tar formation. The limitations of our method of collection, storage, and 
extraction of tars should be noted:-  
i.Incomplete collection on the fume filter due to the tars sticking on the walls of the 
collector tube of PEFR.  
ii.Condensation reactions of primary tars, which can possibly oligomerize at ambient 
conditions.  
iii.Possible loss of most volatile tars while vaporizing the solvent after soxhlet extraction. 
 
2.3.4 Chars.  
2.3.4.1 Effect on Char Morphology 
 SEM results show that the chars obtained from pyrolysis at 600_5_4s (Figure 
2.2B) possess morphological features similar to that of untreated biomass (Figure 2.2A). 
The char generated at 600_5_15s appears to be slightly molten, with a hint of swelling. 
The shape of the char particle is transformed significantly at the residence time of 28 s: 
the char has a highly swollen oblong shape with a nearly complete molten surface. Figure 
2.2C shows the effect of pyrolysis temperature at short residence time (4 s) and a 
pyrolysis pressure of 5 bar. As the temperature is increased beyond 600 
o
C, the biomass 
particle is seen becoming more molten and has a higher degree of swelling. At 1000 °C, 
the molten particles tend to agglomerate and stick together. This effect also extends to 
longer residence times, where the char at 1000 °C appears to be a fusion of two char 
particles (Figure 2.7A). Figure 2.2D shows the char morphology obtained at 600 
o
C, 
larger residence time (28 s), with varying pyrolysis pressure. As pyrolysis pressure is 
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increased from 5 bar to 20 bar, the char particles become more rounded, sphere-like and 
have distinct bubbles on the surface. As the pyrolysis pressure increases, the extent of 
swelling increases and then plateaus. This is especially observed at pyrolysis 
temperatures > 600 °C (see Appendix A Figure A.2). 
2.3.4.2 Effect on Char Surface Area 
  The total surface areas of chars calculated using N2 and CO2 adsorption 
isotherms are listed in Table 2.1. Figure 2.3 shows the distribution of total surface area 
amongst micro-, meso- and macropores. The total CO2 area of pine increases by an order 
of magnitude when it chars in the PEFR. However, the percentage area in micropores 
remains almost constant (96 % in pine vs. 99 % in chars at 4 s). The CO2 surface area 
decreases with an increase in residence time. Figure 2.3 shows that some of the 
micropores at 4 s are transformed into mesopores at 28 s.  
 
A                                                             B 
 
Figure 2.7 SEM images of: A. 1000_10 char particle showing fusion and elongation B. Inside 
the gas filled pockets of 600_20 char. 
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 The CO2 surface area of chars formed at 600 °C and 800 °C decreases with an 
increase in pyrolysis pressure from 5 to 10 bar; followed by an increase from 10 to 20 
bar. The 1000 °C chars do not follow this trend. The contribution of meso- and macro-
pores to the total surface area is highest at intermediate pressure of 10 bar (15 bar at 600 
°C). In general, it can be observed that the total surface area attains a minimum at 
intermediate pressures and the contribution of meso- and macropores to total surface area 
is maximum at intermediate pressure. Pore size distribution (PSD) of chars (Figure 2.8A-
B) shows that the majority of the pore volume is concentrated in the size range of 5.5 Ǻ, 
8 Ǻ, 10.5 Ǻ, 12 Ǻ. This means that the majority of the micropores in the chars are ultra-
micropores (< 0.7 nm).   
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The total CO2 surface area (Table 2.1) decreases with an increase in pyrolysis 
temperature. The percentage of total area occupied by micropores does not show a trend. 
However the absolute micropore area decreases with an increase in pyrolysis 
temperature.  
 These morphological changes are illustrated in Figure 2.9(A-B). Figure 2.9A 
shows the swelling of char with an increase in pyrolysis temperature. This leads to an 




Figure 2.8 Effect of pyrolysis pressure on the differential pore size distribution of chars formed at 800 
°C, 28 s (A) micropore range, computed using DFT. (B) meso pore range, computed using BJH. (C) 
Effect of temperature on differential pore size distribution of chars formed at 15 bar. 
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hence the surface area /volume ratio decreases at higher pyrolysis temperatures. Figure 
2.9B shows that, with an increase in the pyrolysis pressure, the particle initially swells as 
the gases escape (at lower pressures), but the surface area decreases, and hence the 
surface area/volume decreases. At the highest pressures studied, the surface area is very 
high, but the swelling has plateaued. Thus the surface area/volume increases at highest 
pressures.  
2.3.4.3 Effect on Char Crystallinity.  
 The transformation of the crystalline structure of pine with varying residence 
times can be seen in the X-ray diffractograms in Figure 2.4A. The crystalline nature of 
the cellulose in untreated wood is partly retained in chars at 4 s. This can be seen by the 
peaks at 2θ values of 16° and 22° that belong to cellulose at 800_5_4s. At 15 s, the 
crystallinity of cellulose is completely destroyed and char is virtually amorphous. Two 
new bands at 25° and 44° start appearing at the residence time of 15 s. These become 
sharper and increase in intensity as the residence time increases to 28 s. These bands 
correspond to the diffuse (002) and (001) bands in graphite, respectively [51, 55, 78]. The 
major peak centered at 2θ ~25°, is attributed to stacking height of graphitic basal planes. 
In case of pure graphite, the (002) peak is symmetric and the apparent asymmetry of this 
peak observed in chars is due to the existence of γ band on its left hand side, which 
makes the peak broad. The broad (002) band implies that the chars have a highly 
disordered structure, consisting of both amorphous carbon and saturated aliphatic side 
chains [77, 107, 108]. The peak at 2θ ~ 44° is attributed to the radial spread dimension 
which arises from graphite like atomic order within a single plane. We can infer from 
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Figure 2.4A that, as the biomass particle passes through the PEFR, the crystallinity of 







Figure 2.9 Schematic of changes in char properties as a function of pyrolysis temperature (top) 
and pressure (bottom) at high heating rates. 
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 X-ray diffractograms of chars at residence time of 28 s with varying temperature 
and pressure are shown in Figure 2.4B. For all chars, three groups of diffraction patters 
were observed over the examined 2θ range (10°-90°). The two peaks at 25° and 44° 
correspond to the graphitic stacking height and the radial spread respectively. In most 
chars, a third peak is observed, a small hump at ~80° which corresponds to the (111) 
graphite band [108]. The two graphitic peaks at 25° and 44° become narrower and 
sharper as the temperature increases from 600 °C to 1000 °C. This indicates that the char 
becomes more graphitic at higher pyrolysis temperatures. The only exception is the char 
generated at 800_20, which is less graphitic than the 600_20 char. This could possibly be 
due to the greater resistance to volatile release at 20 bar at 800 °C than at 600 °C, which 
prevents graphitization to occur, explained in detail in Sec 2.3.4.5c.  
 With an increase in the pyrolysis pressure, the graphite-like nature of char 
increases from 5 to 10 bar and then decreases from 10 to 20 bar. The enhanced degree of 
graphitization at intermediate pressures is observed at 600 °C and 800 °C. At 1000 °C, 
the degree of graphitization increases with an increase in pressure and then plateaus. The 
change in the diameter and stacking height of graphene sheets are depicted by black lines 
in Figure 2.9A-B.  
2.3.4.4 Effect on Char Composition (O/C and H/C Ratios). 
  From Table 2.1 it can be noticed that an increase in the residence time in the 
reactor from 4 s to 28 s, increases the residual carbon in the char and decreases the H/C 
and O/C ratios. This effect is more apparent at 1000 °C pyrolysis temperature. Carbon 
content of char increases with an increase in pressure at 600 °C and 1000 °C in the 
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pressure range studied, and attains a maximum at intermediate pressure at 800 °C. The 
H/C ratio attains a minimum at 15 bar at all temperatures. The O/C ratio plateaus at 10 
bar at 600 °C and 1000 °C and attains a minimum at 800 °C at the same pressure. In 
general, at 800 °C, a trend reversal is observed at intermediate pressure, while at 600 °C 
and 1000 °C, the trend is to plateau or attain a minimum (within error margins) at 
intermediate pressures. An increase in the pyrolysis temperature from 600 to 1000 °C, 
leads to an increase in the amount of residual carbon in the char and a decrease in the H/C 
and O/C ratios. The only exception to this trend is the char at 800_20, which has a higher 
O/C ratio than 600_20. The XRD results of these two chars complement this trend. A 
higher drop in the H/C ratio is obtained between 600-800 °C than that between 800-1000 
°C. These variations of hetero-atoms (O and H) in the chars are shown using the blue dots 
in Figure 2.9.  
2.3.4.5 Understanding the Charring Process.  
a) Effect of Residence Time: As pine particles enter the PEFR, they experience very high 
heating rates. Evolution of morphology in set-ups such as the TGA/PTGA, where the 
particle heating rate ranges at ~ 1 °C/s is known to be very different from high heating 
rate set-ups like the entrained flow reactor (or drop tube furnaces) [48]. At slow heating 
rates, decomposition of hemicelluloses and cellulose begins (~ 250-300 °C) well before 
the biomass components reach a softening temperature (~ 600 °C). By the time the 
particles reach 600 °C, they have lost ~ 70 % of its starting mass. It no longer is a 
biomass containing hemicelluloses and cellulose. Therefore, even as the biomass is losing 
up to 70 % of its starting mass, the final char product would be a skeleton of its starting 
material, with little or no change in morphology. On the other hand, in an entrained flow 
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reactor, decomposition of cellulose and hemicellulose must occur at the same time as 
when the char starts melting. Decomposition leads to gases being released, which try to 
escape through the wood melt, possibly forming spherical chars with a high surface area. 
As the pyrolyzing pine particle falls through the reactor, the cell structure of wood is 
completely destroyed, which can also be observed through XRD, and by 15 s, the char is 
almost amorphous. At the residence time >15 s, the char becomes very carbonaceous and 
the disordered aromatic sheets start aligning better. The increased loss of volatiles (lower 
H/C and O/C ratios) makes this re-alignment easier, because volatiles otherwise can act 
as cross-linking agents between aromatic sheets [109]. By 28 s, the char appears to have 
developed a significant graphite-like structure. It also has had enough time to melt, lose 
most of its volatile matter, and swell in the process. The increase in swelling of char with 
an increase in the residence time suggests that gases are being trapped inside the char. 
This could explain the collapse of micropores to form meso- and macropores at longer 
residence times. 
b) Effect of Pressure: Pyrolysis pressure must directly impact the char morphology, since 
pressure differential (between inside and outside the particle) can act as a driving force 
for the trapped gases to escape. At low external pressures (5-10 bar), the volatiles 
released attempt to escape through the pyrolyzing pine particle, expanding it in the 
process, as has been observed in SEMs. The extent of swelling decreases as the external 
pressure increases (> 10 bar). Further increase in external pressure must make it difficult 
for the volatiles to escape from the pyrolyzing pine surface causing a build-up of 
overpressure inside the particle. The surface of the char stretches like an elastic film 
(partially visible on the 20 bar char Figure 2.2D) when gas is trapped inside the char. 
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Inside this elastic film are gas-filled pockets as shown in Figure 2.7B. The effect of 
pressure on swelling does not appear to be as dramatic in chars at 800 °C and 1000 °C. 
Swelling increases from 5 to 10 bar, and negligible differences in morphology are 
observed at higher pressures (Appendix A Figure A.2). Furthermore, higher pyrolysis 
pressure must lead to gases being trapped for a longer time within the particle, leading to 
increased secondary pyrolysis reactions, and an increasingly altered gas composition and 
tar species, as seen before. Our results show a reversal in the degree of char 
graphitization, micropore development, and chemical constitution at intermediate 
pressures (~10 bar) especially at 600 and 800 °C. These trends can be better explained by 
drawing analogies from the coal pyrolysis literature. In coals, swelling of chars  is known 
to attain a maximum at intermediate pressures [22]. Lee et al. [110] explained the reversal 
in the swelling of coal chars as a combination of two opposing factors: increase in 
volatile release causing enhanced fluidity of the coal melt and the resistance to the 
expansion of the melt by the external pressure. Volatiles trapped inside chars are known 
to act as plasticizing agents and improve the fluidity of coal [111]. In the case of pine 
chars, significant trapping of volatiles seems to occur between 5-10 bar, which causes 
volume expansion and probably makes the carbon structure more plastic. Thus, the char 
swells easily. However, the surface area does not increase, because swelling is mainly 
volume expansion due to large gas bubbles trapped inside the chars. The high fluidity of 
the carbon matrix may enable the constituent aromatic layers to achieve a better 
alignment, making the structure more compact, and reducing its surface area and 
micropore volume [112]. Most of the chars at intermediate pyrolysis pressures have been 
found to have lower oxygen content, and hence, have a lower degree of cross-linking. 
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Because of these reasons, the chars formed at 10 bar must be more graphitic than those 
formed at 5 bar. It is unclear whether the lowering of surface area increases the degree of 
graphitization or vice versa. Franklin mentions in her seminal work that graphitizability 
of a carbon is related to its fine-pore structure [113]. In spite of the cause-effect 
relationship not being completely resolved, it can be concluded from our data, that chars 
at intermediate pressures are most fluid, most meso- and macro porous, most graphite-
like, and have the lowest oxygen content, amongst the chars formed at various pyrolysis 
pressures.  
           At reactor pressures >10 bar, the counterbalance to the internal swelling by the 
high external pressure might become more significant than the effect of volatiles on 
improving fluidity of the melt. Thus swelling tends to plateau above intermediate 
pressures (Appendix A Figure A.2). The inability of the volatiles to escape the char 
particle, would preserve the oxygen content in the char, and thus prevent graphitization. 
This would allow the char matrix to remain more open, as seen by the increase in surface 
area at pressures >10 bar. Pastor-Villegas et al. [109], used molecular modeling to 
calculate the interlayer spacing between the graphene-like sheets for wood char with a 
chemical formula in the same range as chars used in this study (~C15H4O at 600 °C to 
C22H2O at 800 °C). They found the value to be around 4.9 Ǻ for two graphene sheets 
interconnected with 6-ether linkages causing cross-linking in between the sheets. Most of 
our microporous chars formed in this work have accessible pore widths in the range of 5 
Ǻ. This supports the previous argument that microporosity and graphitization might 
indeed have a cause-effect relationship. Volatiles release thus seems to play a major role 
in the effect of pressure on char properties at 600-800 °C. The effect of pressure on the 
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char structural evolution at 1000 °C is not as pronounced as that at lower temperatures. 
This can be explained by an independent phenomenon called shrinkage that occurs at 
1000 °C, described below.  
c) Effect of Temperature: Increase in the pyrolysis temperature would provide a higher 
energy for pyrolysis, releasing more volatile matter, and thus leading to a lower H/C and 
O/C ratio in char. Melting of biomass must occur faster at higher pyrolysis temperatures. 
The gases are trapped inside the molten biomass particle and try to escape even as more 
gases are formed from the decomposition reactions. This must create a balloon-like effect 
and results in the pyrolyzing particles becoming swollen. Another reason for enhanced 
melting could be the plasticizing effect of volatiles on melting char surface. Melting 
causes the aromatic layers to realign and attain a higher degree of graphitization at higher 
temperatures. Graphitization could also be enhanced at higher temperatures by the loss of 
labile oxygen-containing cross-linkers [109]. As the pyrolyzing pine particle loses more 
and more volatiles, its structure becomes more compact and its micropore volume 
reduces. The improved stacking of graphene layers that are less than 0.49 nm apart 
reduces the amount of ultra-micropores (~5 Ǻ) and forms more meso- and macropores. 
This possibly explains the lowering of total surface area with an increase in temperature. 
The only exception to the trend in temperature is the char at 800_20 which is less 
graphitic and possesses a higher O/C ratio than that at 600_20. The most probable reason 
for this is that, even if more volatiles from the pine particle are released at 800°C than at 
600 °C, at this point, the external pressure is high enough to trap these volatiles. Since 
more volatiles are released at 800 °C, more volatiles are trapped inside the char at 800 
°C, possibly in the form of stable ether linkages. Oxygen could be selectively trapped 
 56 
over hydrogen inside char. This is because, H2 being a smaller molecule, can escape from 
the micorpous skeleton (in the form of H2, CH4 etc.) under pressure, more easily than 
larger O- containing species. This also reinforces the notion that the effect of temperature 
and pressure on char properties cannot be considered independently.                
 The higher drop in the H/C ratio between 600-800 °C than that between 800-1000 
°C has been previously reported [114]. This suggests that, more volatiles are lost from the 
char between 600-800 °C than between 800-1000 °C. At temperatures >800 °C, there 
would be only an incremental weight loss in the char through volatiles release and the 
organic carbon structure must collapse. The incremental volatile loss is usually associated 
with the loss of H2 through direct dehydrogenation [77, 115]. Oxygen, on the other hand, 
can exist in the form of stable ether linkages at much higher temperatures. This can 
explain the preferential loss of H2 over O2 in chars at 800_20 and 600_20. The 
phenomenon of structural collapse has been termed as shrinkage [109]. Shrinkage leads 
to smaller pore area. Open micropores may convert into closed micropores and hence the 
total surface area at 1000 °C must be the lowest. A structural shrinkage is usually 
accompanied by the loss of thermally unstable oxygen functionalities, such as ether 
linkages in chars [116] and can explain the higher graphene stacking height and sheet 
diameter at 1000 °C. Thus, at 1000 °C, the dominant mechanism governing char 
properties must be structural shrinkage rather than the volatile release at 600-800 °C. 
 The above results show that pyrolysis conditions have a drastic influence on the 
chemical composition, surface area, pore structure; degree of graphitization of char. 
Figure 2.9 summarizes the evolution of char structure and constitution at different 
temperatures and pressures. The highest temperature and intermediate pressure char 
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possess the characteristics least suited for gasification. As we shall show in Chapter 3, the 
variations in the above properties have a significant impact on the reactivity of chars 
during gasification.  
 There are many differences between coal and biomass as feedstock. But the 
properties of low grade coals and biomass are comparable. Whenever possible, it is 
important to draw analogies and parallels from coal gasification literature, which can 
provide a wealth of information for an understanding of biomass char properties. 
2.4 Conclusions. 
Some of the key conclusions from this work are as follows: 
1. Char morphology is greatly influenced by four pyrolysis variables: heating rate, 
temperature, pressure, and residence time. Melting, swelling, and formation of 
gas-filled pockets are characteristics of high temperature-high pressure chars. The 
chars formed in this work have an order of magnitude higher surface area than the 
starting material.  
2. Pyrolysis pressure influences char properties most likely by affecting the volatile 
release. The chars formed at intermediate pressures have the lowest surface areas 
and are most graphite-like, while those formed at the lowest and highest pressures 
are more amorphous and microporous in the range studied (5-20 bar), and hence 
would be preferred candidates for the gasification reaction. 
3. While volatile release must be responsible for the changes in char properties 
between 600 and 800 °C, shrinkage of the carbon structure seems to be 
responsible for affecting its properties between 800 and 1000 °C. In general, with 
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an increase in temperature, the chars are more carbonaceous, graphite-like, and 
have higher meso- and macropore contribution to the surface area. Also, the effect 
on char properties of the two parameters of temperature and pressure cannot be 
isolated. 
4. The concentration of major product gases CO, CO2, H2, CH4 is an order of 
magnitude higher than those of light hydrocarbons, oxygenates, and benzene. 
Concentration of CO, CO2, and H2 increases with pyrolysis pressure and 
temperature. CH4 concentration increases with pressure and decreases with 
temperature. The concentration of C2-C4 hydrocarbons decreases with an increase 
in temperature, pressure, and residence time. Oxygenates seem to decompose to 
form CO, CO2, CH4, and light hydrocarbons via secondary pyrolysis reactions. 
Benzene formation provides an evidence for possible molecular weight growth 
reactions at high pressures.  
5. The PAHs observed at longer residence times are molecular weight growth 









CHAPTER 3   
 
RELATIONSHIP BETWEEN STRUCTURE AND GASIFICATION 
ACTIVITY OF PINE CHARS 
 
3.1. Background 
 The previous chapter dealt with pyrolysis, which is the first thermo-chemical step 
during gasification. The gasification reaction of the bio-char formed after pyrolysis is a 
slow, rate-limiting step. Thus, pyrolysis and gasification can be considered to occur 
sequentially and are studied separately. Pyrolysis conditions are known to affect the 
chemical constitution and morphology of bio-char and its reactivity towards gasification 
[29].  
 The major variables involved in the pyrolysis process are heating rate, 
temperature, pressure, and residence time. Higher pyrolysis heating rate has been known 
to enhance char gasification compared to lower heating rate [36, 48, 117]. The enhanced 
reactivity of the char at high heating rates is usually attributed to generation of high 
surface area by rapid release of volatiles from biomass [118]. However, some studies 
have attributed it to the higher H/C ratio in high-heating rate chars [119, 120]. It has been 
suggested in these studies that, rapid pyrolysis prevents the re-polymerization of heavier 
aromatics (which have a low H/C ratio) on the char surface, thus creating more active 
sites. Though the exact reason for enhanced gasification rates of chars produced at high 
heating rates is not clear, all studies report a positive effect of high heating rate on 
lowering the gasification time. High heating rates (~1000 °C/s) are usually achieved in 
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reactors commonly used for industrial gasification such as fluidized bed and entrained 
flow reactors [121]. This study utilizes a Pressurized Entrained Flow Reactor (PEFR) to 
generate high heating rate chars. 
 The effect of an increase in pyrolysis temperature on the char gasification 
reactivity has also received considerable attention in literature [36, 108, 122]. An increase 
in the pyrolysis temperature is known to increase the structural order in char, making it 
more graphite-like and thus reducing its gasification reactivity [65, 108]. This is called 
thermal annealing [55], and it is loosely related to micropore coalescence and reduction 
in total surface area, which is also known to decrease char reactivity [54]. Another study 
has pointed out that the reduction in O-containing functional groups and the loss of alkali 
and alkaline earth metals (AAEM) at higher pyrolysis temperature, could be responsible 
for the lower reactivity of chars generated at high pyrolysis temperatures [56].  
 An increase in the residence time during pyrolysis is known to reduce the rate of 
char gasification mainly due to a higher degree of structural ordering of char [17]. In fact, 
a similar extent of graphitization in char can be attained with different time-temperature 
combinations [55].  
 The effect of pyrolysis pressure on reactivity has been studied extensively for coal 
[22, 80, 81, 112, 123, 124] and to a limited extent for biomass gasification [48, 83, 125]. 
In the case of coal chars, mixed results were observed. In some cases, an increase in 
reactivity with an increasing pressure has been reported [80] and attributed to an 
improved surface area at high pressures. In other cases, a decrease in reactivity with an 
increasing pyrolysis pressure has been reported to occur due to enhanced structural 
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ordering of chars at high pressures [81, 112]. In some studies, the gasification reactivity 
was found to decrease with an increase in pyrolysis pressure from 1 to 15 atm, and 
followed by a reactivity increase from 15 to 50 atm [123, 124]. It has been speculated 
that, the residual volatile content in the char formed at very high pressures could be 
responsible for the increase in reactivity. The above studies on biomass gasification have 
reported a reduction in char reactivity with increasing pyrolysis pressure and have 
attributed this to increased degree of graphitization at high pressures. However, most of 
these high pressure studies were performed at low heating rates [83, 125], and hence, the 
graphitization observed might be in part due to longer residence times before volatiles are 
released from chars.  
 From the foregoing discussion, it is clear that there exists a gap in the 
understanding of the effect of char structure on its gasification reactivity. This is because 
the pyrolysis treatment simultaneously changes both the physical and the chemical 
characteristics of char. Hence, studying the effects of one parameter, while keeping the 
others constant, is not feasible. Also, to characterize char completely, a variety of 
analytical techniques need to be employed. In Chapter 2, we generated chars using the 
PEFR and characterized them using a variety of techniques. In this chapter, our 
objectives are to: 
(i) Measure the CO2 (and H2O) gasification reactivity, under conditions free of 
mass transport limitations, for chars generated at a variety of pyrolysis 
conditions.  
(ii) Study the effect of pyrolysis conditions on overall CO2 (and H2O) gasification 
reactivity of chars. 
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(iii) Determine the physical or chemical parameters in chars which best describe 
the trends in their initial CO2 (and H2O) gasification reactivity.  
(iv) Further the understanding of the effects of alkali and alkaline earth metals 
(AAEM) during CO2 gasification of chars. 
 The main goal of this chapter is to study the structure-activity relationships during 
CO2 (and H2O) gasification, independently. The next obvious question is whether the 
same active sites are involved in CO2 and steam gasification. This will be addressed by 
calculating a predicted reaction rate in the mixture of CO2 and H2O and assuming the 
active sites are similar (competitive model) or different (co-operative model). These 
models and the Langmuir-Hinshelwood kinetic equation used to derive them are 
described below:  
The gasification reactions with steam and CO2 can be written as follows:  
𝐶𝑓 + 𝐶𝑂2⁡ ⇌ C(O) + CO⁡⁡⁡⁡⁡⁡⁡⁡(k1, k−1)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(1) 
𝐶(𝑂) → 𝐶𝑂⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(𝑘2)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(2) 
𝐶𝑓 + 𝐻2𝑂 ⇌ C(O) + H2⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(k3, k−3)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3) 
𝐶(𝑂) → 𝐶𝑂⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(𝑘4)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(4) 













Where, ki are rate constants, Ct represents active carbon site, and Pi are partial pressures. 
Muhlen et al. [126] derived a kinetic equation to describe the competition between the 
char-CO2 and char-H2O reactions (not shown here). The mechanism assumes different 
but coexisting surface oxides, C(O), for CO2 and H2O gasification. The kinetic 
expression was simplified in the following form by excluding CO chemisorption or the 
accompanying reactions of C(CO), which give rise to quadratic higher order terms in the 
Muhlen's rate expressions [127].  
𝑟𝑚𝑖𝑥 =
𝑘1𝐶𝑡𝑃𝐶𝑂2 +⁡𝑘3𝐶𝑡𝑃𝐻2𝑂
1 + (𝑘−1 𝑘2)⁡𝑃𝐶𝑂 + (𝑘1 𝑘2)𝑃𝐶𝑂2+(𝑘−3 𝑘4⁄ )𝑃𝐻2 + (𝑘3 𝑘4)⁄ 𝑃𝐻2𝑂⁄⁄
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(7) 
A few studies in literature suggest that CO2 and H2O compete for active sites on the char 
surface [126, 128, 129].  
 If the char-CO2 and char-H2O reactions were independent of each other, then the 
total reaction rate would be a sum of two independent reaction rates. A kinetic equation 
with the following form was proposed based on the assumption that the reactions of two 






1+(𝑘−3 𝑘4⁄ )𝑃𝐻2+(𝑘3 𝑘4)⁄ 𝑃𝐻2𝑂
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(8) 
 This has been observed in several literature studies [130-133]. There are some 
studies that have observed reaction rate in CO2 and H2O mixtures was higher than the 
rate obtained by summation of the individual char-CO2 and char-H2O reactions [134, 
135]. The pyrolysis conditions used in each of these studies were widely different, which 
could possibly account for the different outcomes observed. Most of the studies reported 
above use coal as their feedstock. Thus, it becomes important to explore this area for 
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biomass feedstocks since the inorganics that catalyze biomass gasification would differ 
from coal gasification. To address this, one section of this chapter deals with 
understanding the gasification kinetics by feeding mixtures of CO2 and H2O. Lastly, the 
influence of the inorganics (AAEM) on CO2 gasification rate will be studied using Avicel 
char as a model char.   
3.2. Experimental Methods 
3.2.1. Materials.  
 Loblolly pine (Pinus taeda) wood was obtained from a location near Oglethorpe, 
GA. Pine logs, debarked and chipped, were ground in a Wiley mill and sieved to various 
size fractions. The size fraction of 180-250 µm was used for all the pyrolysis 
experiments. Samples were stored in a refrigerator before use. Avicel® PH-101 (50 μm) 
was purchased from Sigma Aldrich. K2CO3 anhydrous was purchased from EM Science 
(Merck KGaA), CaO was purchased from Fischer Scientific, and MgO was from Sigma 
Aldrich. Tap water was further purified using a PURELAB ® Classic UV, ELGA 
labwater system to 18.2 MΩ/cm.                       
3.2.2. Char Generation.  
 The pressurized entrained flow reactor (PEFR) used to perform pyrolysis has been 
described in Chapter 2, Sect 2.2.2.  In short, the reactor consists of three parts: a 
pressurized feeder vessel, the reactor section, and the collector. Biomass was fed at the 
rate of 2-6 g/min. N2 gas was used both to carry the particles from the feeder and to 
entrain the particles as they fall through the reactor. The feed particle heating rate was in 




 °C/s. Reaction products were quenched using a water-cooled 
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collector. Chars are separated from gases and tars using a cyclone separator. Pyrolysis 
experiments were carried out at 600 and 800 °C at pressures of 5, 10, 15, 20 atm. 
Pyrolysis at 1000 °C was carried out at 5, 10, 15 atm. The gas phase residence time was 
maintained at 28 s. A total of 11 chars were generated and these shall be referred to based 
on their pyrolysis conditions abbreviated as: Temperature (°C)_Pressure(bar) (For 
example, 600_5).     
3.2.3. Char Gasification.  
 The chars generated in the PEFR were gasified in a TA instrument’s SDT Q-600 
thermogravimetric analyzer (TGA). The TGA has capabilities of feeding N2, CO2, N2 and 
CO2 mixtures, and H2O using heated lines. A schematic of TGA is shown in Figure 3.1. 
Gasification was conducted at a pressure of one atmosphere.  
 The following gasification procedure was used for CO2 gasification: Char samples 
were placed in a 90 µl alumina crucible (5.55 mm diameter, 4.00 mm height). The 
crucible was filled with the sample to around half of its height which amounted to ~2-5 
mg of char for every run. The sample was heated at 25 °C/min to a final temperature of 
800 °C in flowing N2 (200 ml/min) and held isothermal at 800 °C for 10 min. The gas 
environment was then switched to 100 % CO2 and the sample was held isothermal till the 
end of the reaction or for 250 min, whichever was earlier. The end of the reaction is the 
time when no further loss in weight of char occurs, and ash is left behind in the crucible. 
Ultra-high purity (99.999 %) grades of N2 and CO2 were used in the TGA.  
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 To understand the role played by AAEM in catalyzing the gasification reaction, 
physical mixtures of Avicel char (generated in PEFR at 800 °C, 5 bar) and K2CO3, CaO, 
and MgO were gasified in TGA in 100 % CO2 at 900 °C. Avicel char was mixed with 
varying amount of salts [varying Metal/ Carbon atomic ratio (M/C)] using a mortar 
pestle.       
 The following is the procedure for H2O gasification and CO2 + H2O experiments: 
For structure-activity relationships in H2O gasification, 10 % H2O (in balance N2) was 
used as a gasifying agent and the gasification reaction was performed at 750 °C. The 
experiments to compare active sites in CO2 + H2O mixtures were conducted using 10-100 
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conditions is listed in Appendix B. Ultra-high purity (99.999 %) grades of N2 and CO2 
were used. Deionized water was supplied at a constant flow rate using a kdScientific 
Legato 100 series syringe pump and injected as steam through heated lines to the 
secondary gas injection port of the TGA. Chars were crushed to a fine powder using a 
mortar pestle. Around 2-5 mg of crushed char samples was placed in a 90 µl alumina 
crucible. The sample was heated at 25 °C/min to a final temperature of 750- 900 °C in 
flowing N2 (200 ml/min) and held isothermal at that temperature for 10 min. The gas 
environment was then switched to the oxidizing gas (CO2, Steam, or mixtures) and the 
sample was held isothermal until the end of the reaction or for 180 min, whichever was 
earlier.  
Internal transport tests to study the pore diffusion limitations for CO2 were 
performed by crushing 1000_5 char using a mortar-pestle and sieving it to different size 
fractions: <53 µm, 53-90 µm and 90-125 µm. The crushed and the uncrushed char were 
gasified at 700-900 °C. 
3.2.4. Char Characterization.  
 In Chapter 2, a thorough characterization of untreated pine and the eleven chars 
was reported using elemental analyses (CHNO), physisorption of N2 at 77 K and CO2 at 
273 K, Scanning Electron Microscopy (SEM), and X-Ray Diffraction (XRD). The ash 
content in char was calculated by subtracting the sum of C, H, and N contents from one. 
The ash content thus calculated will also include some contribution of organic oxygen. 
 To supplement the above techniques, inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) was performed by the Analytical Testing Lab at the Renewable 
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Bio-products Institute (formerly IPST), Atlanta, GA. Acid digestion was used to digest 
the chars and analysis was performed using Perkin Elmer Optima 3000 DV ICP Atomic 
Emission Spectrometer. The most abundant elements in pine char K, Ca, Fe, Al, Mg, Si 
were measured.  
3.3. Theory 
3.3.1. Reactivity of Chars.  
 From the weight loss as a function of time as determined by TGA, carbon 
conversion (X), specific reactivity (r), and instantaneous reactivity (R) were calculated 

















where: mo(g) is the mass of char just before introduction of CO2, m(g) is the instantaneous 
mass of char at time t min., r (min
-1
) is the specific reactivity of char at time t based on 
the initial ash-free mass of char while R is the instantaneous reactivity of char based on 
the ash-free mass of char at time t. mash(g) is the mass of ash left behind at the end of the 
run, or ash calculated using elemental analysis for the runs that did not reach completion. 
For initial reactivity of char, the average specific reactivity (r) between 5-10 % 
conversions was used for all further analyses. It should be noted that at such low 
conversion levels the numerical values of R and r are almost the same.    
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3.3.2. Mass Transport Tests.  
 The procedure for internal transport tests is described in section 3.2.3. In the 
absence of CO inhibition, n
th
 order kinetics are generally used to express dependence of 
temperature and CO2 partial pressure on the representative reactivity [136]. Assuming 









𝑛                                        (13) 
which gives, 





+ ⁡𝑛ln⁡(𝑝𝐶𝑂2)            (14) 
Where ko is the pre-exponential factor or the frequency factor (s
-1
), E is the activation 
energy (kJ/mol), R is the universal gas constant (kJ/mol/K), and T is the temperature in 
K. PCO2 is the partial pressure of CO2 which was held constant at one atmosphere for all 
the experiments and hence the second term in the equation is 0. Therefore, the plot of 
representative natural logarithm of the initial reactivity R (averaged between 5-10 % 
conversion) over 1/T gives the kinetic constants for the reaction.  
 There is a possibility of the presence of external transport limitations due to bed 
diffusion effect. To minimize these, less than half of the crucible was filled with the 
sample to reduce the bed height. Also the bed height was kept approximately constant 
between all the samples. Since we are mainly comparing reactivity between different 
samples, these effects can be overlooked. In the case of H2O gasification, lower 
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temperatures (750 °C) were used to overcome bed diffusion limitations, since the 
concentration of H2O was 10 %. 
3.4. Results and Discussion 
3.4.1. Internal Transport Tests.  
3.4.1.1. Effect of Particle Size.  
Figure 3.2 shows the effect of particle size of the 1000_5 char on its conversion 
profile during CO2 gasification. As the particle size decreased, the CO2 gasification rate 
increased. Crushing of the char particles reduces the diffusion length for CO2 and, if there 
were diffusion limitations, the rate of gasification should increase [136]. This suggests 
that some diffusion resistance does exist for CO2 to penetrate into the porous structure of 
char. Figure 3.2 also shows that the reactivity of uncrushed char was higher than that of 
the 90-125 µm size fraction of the crushed char. In fact, uncrushed char reactivity was 
 
 Figure 3.2 Effect of particle size on the conversion vs. time profile of 1000_5 pine 
char gasified at 800 °C in 100 % CO2 
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found to be a weighted average of the reactivity of its respective size fractions. The ash 
content in both the uncrushed char and its smaller fractions was measured. The ash 
content correlated positively with the respective initial reactivity (Table 3.1), and it is 
possible that the lower reactivity of the larger size fractions reflects only their lower ash 
content and not pore diffusion limitations. These results suggest that ash is preferentially 
associated with the fines or the smaller fragments in char. This could be because of the 
varied distribution of ash across different parts of the plant [137]. This means that if ash 
is used as a descriptor for reactivity of char, not only its amount, but also its distribution 
in char should be taken into consideration.   
3.4.1.2 Effect of Temperature.  
 Gasification temperature is another parameter which can drastically influence 
whether diffusion or the chemical reaction control the rate of gasification. Figure 3.3 
shows an Arrhenius plot of the effect of the gasification temperature on the initial CO2 
reactivity of uncrushed char in the temperature range of 700-900 °C. The slope and 
intercept in the range of 700-800 °C for all the size fractions gave the kinetic parameters 
which are shown in Table 3.1. The activation energy lies in the range of literature values 
 
Table 3.1. Kinetic parameters of 1000_5 char and its size fractions. 
 














<53  9.39  7.5  260  7.30  
53-90  4.20  4.4  246  0.66  
90-125  2.95  4.2  234  0.12  
Uncrushed Char  4.44  6.0  253  1.49  
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(200-250 kJ/mol) [29]. As expected, there is a slight decrease in the activation energy of 
the samples, as their size increases. 
 However, the variation in the apparent activation energy is not that drastic and we 
can conclude that negligible pore-diffusion limitations, if any, exist. Thus, the differences 
in reactivity can be attributed mainly to the differences in the ash content of different size 
fractions. Due to the above reasons, uncrushed char was used for gasification tests on the 
remaining eleven samples. The gasification temperature was chosen to be 800 °C, mainly 
because the reaction was too slow at 700 °C to record mass loss.    
3.4.2. Effect of Pyrolysis Conditions on Gasification Reactivity.  
3.4.2.1. Overall Gasification Reactivity. 
  Figure 3.4 shows the plot of conversion as a function of time for CO2 gasification 
of all the chars generated in this study. The important observations from this figure are:  
 
Figure 3.3 Arrhenius plot for 100 % CO2 gasification of uncrushed pine char 
1000_5 (700-900 °C) 
 
 73 
(i) At a constant pressure, an increase in the pyrolysis temperature increases the time 
required to achieve a given conversion.  
(ii) At a constant temperature, an increase in the pyrolysis pressure negatively affects 
gasification up to a certain intermediate pressure, and then the gasification rate increases 
with a further increase in pressure. The trend reversal occurs at 15 bar at 600 °C and 10 
bar at 800 °C and 1000 °C.  
(iii) The change in the slopes of conversion vs. time curves also show that the gasification 










 The derivatives of selected curves in Figure 3.4 are shown in Figure 3.5. This 
shows the change in the specific reactivity in CO2 as the conversion proceeds. For most 
 
Figure 3.4 Plot of conversion vs. gasification time profile of pine chars generated at 
different temperatures and pressures in the PEFR (gasified in 100 % CO2, 800 °C). 
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chars, the reactivity initially increases, then slowly drops to almost zero in the conversion 
range of 0.4-0.6, followed by a slight increase at later stages of conversion (~0.8). This 
suggests the presence of three different kinetic mechanisms during gasification. Umeki et 
al. [138] observed a similar shape of the reactivity curve for pine chars and attributed it to 
different regimes during gasification:  
(i) The first regime of highest reactivity can be attributed to the gasification of 
amorphous carbon in the presence of catalytically active elements.  
(ii) The second regime can either be characterized by: (a) The disappearance of 
amorphous carbon to form more graphite-like carbon [139] or; (b) Sintering of 
inorganics or catalyst deactivation, or both (a) and (b) occurring 
simultaneously.  
(iii) The third regime can be attributed to the re-emergence of some amorphous 
 
Figure 3.5 The effect of pyrolysis conditions on the specific reactivity of selected 
chars over the entrie conversion range (Gasification in 100 % CO2, 800 °C)  
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carbon that was buried or encapsulated by graphitic carbon. It could also be 
due to some of the inactive species becoming activated due to chemical or 
phase changes associated with them. 
 Another explanation for the observed reactivity profile can be found in the coal 
gasification literature [123]. There, the initial reactivity maximum is attributed to the 
gasification of trapped volatiles inside the chars, while the low reactivity is attributed to 
the regime shift to gasification of turbostatic, long range order carbon structure. It is our 
conjecture that the slight increase in reactivity at conversions higher than 0.8 could be 
due to sudden collapse of the porous structure of carbon creating more surface area for 
the CO2 to react. It could be also due to the sudden exposure of active carbon sites which 
were otherwise encapsulated by the graphite-like carbon formed in regime 2. This 
argument is supported by literature evidence where potassium is known to migrate into 
the bulk of carbon surface during gasification [140]. The loss of non-reactive, graphite-
like carbon might lead to the exposure of the potassium that had migrated to the bulk 
phase during lower conversions.  
 The 600_5 char has a different reactivity profile than the ten others. In this case, 
the specific reactivity continuously decreased with conversion, but the regime 2 of low 
reactivity was absent. This suggests that the non-reactive, graphite-like char was not 
formed under those conditions. In other words, higher temperatures and/or pressures must 
be needed for the formation of the graphite-like char. The shape of the reactivity curve 
for this char matches with the random pore model (RPM) 
[(𝑆(𝑋) = 𝑆0(1 − 𝑋)√1 − 𝛹ln⁡(1 − 𝑋)] [59] or the modified random pore model (M-
RPM) [ 𝑆(𝑋) = 𝑆0(1 − 𝑋)√1 − 𝛹ln⁡(1 − 𝑋)⁡(1 + θ
𝑝)] [63, 64], where θ = cx or c(1-x), 
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Ψ= initial surface parameter and c and p are empirical constants.  The shape of the 
reactivity curve obtained in literature using the RPM and modified RPM are shown in 
Figure 3.6. Each of these models uses one or more adjustable parameters, and cannot be 
usually applied to feedstocks and reactions conditions outside of the range of those used 
to derive these models. Thus, factors other than the pore development and collapse seem 
to govern the shape of the reactivity curve in these chars (which is the assumption on 
which RPM and M-RPM are based on).  
Figure 3.7 shows a comparison between overall reactivity profile of 600 °C, 10 
bar char in 10 % H2O and 100 % CO2 at 800 °C. The plot shows that, even in the case of 
H2O gasification, the three regimes can be seen (high reactivity regime at X < 0.8, regime 
with reactivity decreased to a low value at X = 0.8, and a regime where reactivity 
increases at higher conversions at X > 0.8). However, the reactivity increase in the third 
 
Figure 3.6 Calculated reactivity profiles using (a) The original RPM with Ψ=5 and the 
extended RPM with (b) θ = 1- x, Ψ=50, c=2, p=3, and (c) θ = x, Ψ=1, c=2, p=3 [40] 
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regime (at X > 0.8) is much higher in H2O compared to CO2. This behavior hints that 
different active sites might be involved in H2O and CO2 gasification, especially at later 
stages of conversion. Langmuir-Hinshelwood modeling kinetic models are used in 
section 3.4.4 to shed more light into the nature of active sites involved in H2O and CO2 
gasification. 
  In summary, the gasification reaction over the entire range of conversion is a 
complex process, and the analysis should take into account the changes in catalytic 
activity, pore structure evolution, volatile entrapment, thermal annealing, and the possible 
interrelationships between these factors.  
3.4.2.2. Initial Gasification Reactivity.  
 In this work, we will focus on the correlation between char properties and the 
initial CO2 (or H2O) gasification reactivity averaged between 5-10 % conversions. This is 
 
Figure 3.7 Comparison between the specific reactivity vs. conversion profile of 600 °C, 10 bar 






















because, the measured properties of char are the best descriptors of its initial gasification 
behavior, as the char properties will change in the course of conversion. There is a 
possibility that the char properties changed during the initial heat up phase in TGA before 
gasification has begun. This is particularly applicable to the 600 °C char which lose more 
volatile matter during the heat-up phase than the chars generated at higher temperatures. 
This should be noted when we are comparing the char properties and reactivities below. 
The behavior in the later stages of conversion of char is quite dynamic as noted above 
and was not studied in detail. The initial specific reactivity (r) and the numerical values 
of CO2 surface area, micropore area, the H/C ratio, the O/C ratio, K content, ash content 
are shown in Table 3.2. 
 Table 3.2 shows that the trends in initial reactivity (in 100 % CO2 as well as 10 % 
H2O) with respect to the pyrolysis conditions are almost the same as the trends in the total 
conversion time in section 3.4.2.1. In short, the initial reactivity decreases with an 
increase in pyrolysis temperature, both in CO2 as well as H2O. The initial CO2 reactivity 
decreases with an increase in pyrolysis pressure at 600 °C. At 600 °C, the H2O 
gasification reactivity of chars decreases with an increase in pressure from 5 to 15 bar, 
and then increases from 15-20 bar. The trend reversal with the effect of pressure was thus 
not observed at 600 °C in the initial CO2 gasification reactivity; however, it was observed 
when the total conversion time was considered in the previous section. CO2 and H2O 
reactivity first decreases from 5 to 10 atm and then increases from 10 to 20 atm at 800 °C 
and 1000 °C. Figure 3.8 is a plot of the comparison between initial reactivity values for 
CO2 and H2O gasification. It can be seen that, there is a smooth correlation albeit a non-
linear one (after factoring in the standard error in measurement) between initial 
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gasification activities of pine chars using CO2 and steam. This suggests that, at the initial 
stages of gasification, the concentration of active sites evolve in a similar way at different 
pyrolysis conditions, whether the gasifying medium is steam or CO2.  
The following discussion will aim to find a physical or chemical parameter in the char 
structure which shows the best correlation with initial gasification reactivity. 
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Table 3.2 Initial reactivity and physical and chemical parameters of chars from PEFR 
(Gasification in 100 % CO2, 800 °C and 10 % H2O, 750 °C) 
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600_5 21.9 5.70 9.8 1.84 526 331 0.347 0.074 
600_10 16.8 4.70 7.7 1.10 340 369 0.370 0.040 
600_15 16.0 2.76 7.3 1.03 458 282 0.280 0.038 
600_20 15.0 3.49 6.4 0.72 544 397 0.305 0.037 
800_5 14.4 3.03 6.8 0.43 314 312 0.181 0.052 
800_10 6.6 1.39 4.2 0.30 133 77 0.121 0.032 
800_15 8.8 1.27 3.6 0.26 193 159 0.095 0.038 
800_20 23.3 3.32 5.6 0.35 334 331 0.141 0.066 
1000_5 4.0 0.88 5.9 0.81 144 99 0.099 0.023 
1000_10 0.9 0.61 2.3 0.52 205 44 0.062 0.019 
1000_15 1.1 0.69 2.6 0.45 167 83 0.050 0.014 
Avicel 1.8  0 0 - - 0.225 - 
 
 
Figure 3.8 Correlation between 10 % H2O (750 °C) and 100 % CO2 (800 °C) 




3.4.3. Factors Affecting Initial Reactivity of Char.  
3.4.3.1. Surface Area.  
 Surface area is the most common parameter used to explain reactivity trends in 
chars. Figure 3.9A shows a plot of initial reactivity versus total CO2 surface area for all 
the 11 chars. The correlation does not fit well, especially for the highest and lowest 
reactivity chars. Generally, when the total surface area is used to correlate with reactivity, 
the implicit assumption is that the active sites for gasification are uniformly distributed 
over the entire available surface. The total surface area is distributed between micro-, 
meso- and macro pores and the contribution of each pore-surface to the total area need 
not be the same for two chars with the same total surface area. Also the density of active 
sites could be non-uniform between pores. Some researchers have found macro- and 
mesopores to be more reactive towards gasification [117, 141] while some have stated 
that the density of active sites is high in the micropores [142].     
 In Chapter 2, we observed that the majority of the surface area in our chars is 
located in micropores. If we compare initial reactivity and the micropore area (Figure 
3.9B) the correlation improves from the previous, especially at low surface area values. 
This suggests that the active sites for the CO2 gasification reaction must be present in the 
micropores in char. However, even in this case, the most reactive chars do not correlate to 
the micropore area. This shows that above a particular threshold value (> 300 m
2
/g), 
surface area no longer plays a role in determining reactivity. Similar results were reported 
for coal chars, where a linear relationship between the surface area and reactivity existed 
only up to a certain threshold value, followed by a slight decrease in reactivity at very 
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high surface areas [143]. Another deviation occurs at ~ 80 m
2
/g, where the char generated 
at 800 °C is more reactive than the char generated at 1000 °C in spite of the same surface 
area. This points to the presence of another factor which could be influencing reactivity 
of char in the regions of highest and lowest surface area.       
Figure 3.10 (A-B) shows that, in the case of H2O gasification, the micropore 
surface provides a better correlation compared to the total CO2 surface area especially for 
chars generated at 800 °C and 1000 °C (medium and low reactivity respectively). These 
observations are similar to the CO2 gasification reactivity discussed above, and suggest 
the presence of another factor which must correlate to reactivity.  
3.4.3.2. Ash content.  
 Ash in biomass is known to catalyze gasification reaction. Especially the alkali 
and alkaline earth metals in ash are known to have a catalytic activity during gasification 
[69]. Figure 3.9C shows the relationship between the total ash content in the char and its 
initial reactivity. The correlation between ash content and reactivity can be clearly seen 












Figure 3.9 Correlation between initial reactivity and initial physical and chemical parameters of 
chars. A. Total CO2 Surface Area (m
2
/g) B. Micropore Area (m
2
/g) C. Ash content (wt. %) D. 
Potassium Content (wt.%)  E. H/C atomic ratio. F. O/C atomic ratio    
 
A                                                                     B 
C                                                                      D 
E                                                                     F 
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 Analogous to the foregoing discussion (section 3.4.3.1), a high temperature char 
is less reactive than a low temperature char in spite of the same ash content in the two (~6 
wt. % ash). The chars at higher temperatures have undergone thermal annealing and a 
corresponding reduction in surface area, which could possibly explain their lower 
reactivity. One of the reasons for the lower ash content of char generated at 1000 °C 
compared to the char generated at 800 °C could be the fact that the alkali and alkaline 
earth metals are known to volatilize at 1000 °C, and hence, the high temperature char 
loses its catalytic activity [144]. Since K constitutes the major fraction of ash in pine 
chars, the initial reactivity was compared to K content in char. The K content correlates 
well only for the chars with high reactivity levels and does not explain the trends in high 
temperature chars (Figure 3.9D). The trends in Ca content (wt. %) and K + Ca content 
(wt. %) also did not give definitive correlations (not shown here). In general, we can 
conclude that, ash content and K content correlate with the CO2 reactivity only for the 
highest reactivity (or low temperature) chars and no correlation exists for chars with 
lower reactivity. This shows that gasification reaction will follow a path of least 
resistance, first catalytic, and then followed by a surface area dependence (shown by the 
dependence of medium reactivity chars on surface area). Figure 3.10 (C-D) shows that 
similar observations can be made in the case of H2O gasification reactivity of pine chars.    
3.4.3.3. Heteroatoms.  
 Heteroatoms such as oxygen and hydrogen are known to provide dislocations in 
the carbon structure, both structurally and electronically [145]. In coal combustion 
literature, the reactivity is commonly related to the hydrogen contained in char [115, 
146]. The H/C ratio can be considered to equate to the structural order in the carbon 
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structure, or in other words, the degree of carbonization of char. The higher the degree of 
carbonization, the lesser the expected reactivity of the char. 
 Figure 3.9E shows a good correlation between the initial CO2 gasification 
reactivity of pine chars and the H/C ratio, especially for the least reactive chars formed at 
1000 °C pyrolysis. A similar observation can be made in the case of H2O gasification 
(Figure 3.10E). The relationship between the hydrogen content and reactivity has been 
previously reported in biomass combustion literature [147]. In fact, the H/C ratio appears 
to be the best descriptor so far, with the exception of 800_20 char. Again in this case, the 
char generated at 800 °C is more reactive than the char generated at 1000 °C with the 
same H/C ratio of approximately 0.1. This means that the lower reactivity of high 
temperature chars cannot be completely explained by the improved structural ordering. In 
coal combustion literature, it is believed that the surface hydrogen is oxidized by O2 
leaving behind nascent carbon sites on the char surface, which in turn are available for 
the O2 to react [148]. Considering that mechanistically, the first step in gasification and 
combustion is the same [149], namely O-exchange from the reactive gas to the carbon 
surface to form a C(O) complex, it can be assumed that the nature of nascent sites on char 
surface could be similar in both of these reactions. The hydrogen content in chars can 
also be considered to be a measure of volatile matter left behind after pyrolysis. It could 
also be a measure of the structural order in carbon as described before; a higher H/C 
would mean more amorphous char in this case. 
 The relationship between CO2 gasification reactivity and the O/C ratio has not 
been explored in literature to the best of the authors' knowledge. Oxygen present in chars, 
especially in those formed at very high temperatures (1000 °C) must be in the form of 
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stable ether linkages which provide cross-links between the aromatic sheets [109]. Thus, 
the role of oxygen atoms, similar to hydrogen must be to provide reactive sites in the char 
structure. Lack of oxygen atoms can be considered to be a manifestation of the degree of 
graphitization. A higher O/C ratio could be indicative of a more amorphous carbon. In 
fact, the O/C ratio provides the best correlation with the initial CO2 reactivity of char 
(Figure 3.9F). The same is true in the case of H2O gasification (Figure 3.10F). The small 
amount of oxygen in the char generated at 1000 °C probably provides the most active 
sites for gasification. Once this oxygen is consumed, the reactivity should decrease. This 
is supported by Figure 3.5, where the reactivity drops to a very low value earliest, in the 
chars with the lowest O/C ratio. The mechanism then probably shifts to the reaction of 
highly unreactive carbon with CO2 (or H2O).  
3.4.3.4. General Remarks.  
 Many a times, literature suggests the use of normalized reactivity with surface 
area (g/(m
2
.s)) for cases where the basic carbon structure is to be compared [145]. This 
study compared both the structural and chemical aspects of char, and it was not possible 
to correlate the reactivity with surface area. Also, normalization of reactivity with surface 
area implies the assumption that the entire surface area is equally active towards the 
gasifying agent, which we know not to be the case for our chars, because of the variable 
extent of micro-, meso-, and macropores. For the most reactive chars, the mechanism 
with least activation energy is catalytic; for medium reactivity chars (with no stable ash), 
the rate is dependent on the surface area of the amorphous carbon; and for the least 
reactive chars, it is dependent on the imperfections in the graphitic carbon structure. A 
lack of correlation between a property and the initial reactivity may have also been 
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because the property had changed before gasification. In coal gasification, the reactivity 
of lowest rank coals was associated with the catalytic component, and for the high rank 
coals, it was associated with the non-catalytic structural component, presence of 
heteroatoms and reactive edge sites [150]. The H/C and O/C ratios represent the 
functional groups on the carbon surface and are the best descriptors of CO2 and H2O 
gasification reactivity. However, it should be remembered that a correlation is not 
necessarily causation. It is possible that some or all of these parameters are playing a role 
and interrelationships could exist between the parameters themselves.  
The fact that in case of both CO2 and H2O gasification the heteroatom content 
provides a correlation supports our previous observation that the active sites in the initial 
stages of H2O and CO2 gasification might be the same. The correspondence between 
initial reactivity and active sites has been assumed thus far by indirect experimental 
observations. To help clarify this, we performed experiments by co-feeding H2O and CO2 
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Figure 3.10 Correlation between initial H2O reactivity and initial physical and chemical 
parameters of chars. A. Total CO2 surface area (m
2
/g) B. Micropore surface area (m
2
/g) C. 
Ash content (wt. %) D. Potassium content (wt.%)  E. H/C atomic ratio. F. O/C atomic ratio 
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3.4.4 Active Site Comparison Between H2O and CO2 Gasification. 
 As described in section 3.1, there is insufficient information in literature on the 
nature of active sites in the presence of both CO2 and H2O as gasifying agents. CO2 and 
H2O coexist in the actual gasification process, and it is important to study their combined 
interactions with char. To further understand the activity of sites involved in the initial 
stages of H2O+CO2 gasification, we measured the gasification rate of 600_5 char in 
mixtures of CO2 and H2O. The experiments were conducted by keeping a fixed partial 
pressure of H2O and varying the partial pressure of CO2 (Figure 3.11). A complete list of 
experiments and calculations is shown in Appendix B Table B.1. First, the rate constants 
in pure or binary mixtures of CO2/N2 and H2O/N2 were measured. Equations 7 and 8 in 
Sect. 3.1 were simplified by assuming PCO=0 and PH2 =0 to obtain equations 15 and 16, 
respectively. Equation 15 was used to calculate the rate of the mixture under the 
assumption that char-CO2 and char-H2O reactions occur on the same active sites. 
Equation 16 was based on the assumption that CO2 and H2O react on different sites and 
hence the rate in CO2+H2O mixtures is a summation of rates of individual char-CO2 and 
char H2O reactions. The calculated rates using these equations are depicted as dotted lines 
in Figure 3.11.                   
𝑟𝑚𝑖𝑥 =
𝑘1𝑃𝐶𝑂2 +⁡𝑘3𝑃𝐻2𝑂









Where K2=k1/k2 and K4= k3/k4 are the simplified rate constants.   
 Figure 3.11 shows that, at a fixed H2O partial pressure, the experimental rate 
increased by addition of CO2. It was found that, the experimental rate lies between the 
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competition and co-operation models. This shows that neither the common sites 
(competition) model nor the independent sites (co-operation) model can be used to 
correctly predict the gasification rate in mixtures of CO2+H2O. It also suggests that some 
of the active sites are partially shared between the two gasifying agents. Our speculation 
of the carbon surface with the sites active for H2O and CO2 is shown in Figure 3.12. 
Similar result was recently obtained by Umemoto et al. [151]. There are no studies in 
literature that have provided a direct evidence of the nature of active sites in CO2+H2O 
mixtures. During gasification of char with any O-containing gas, the first accepted step in 
the reaction mechanism is considered to be the transfer of oxygen from the reactant gas to 
the carbon surface, as shown in equations 1 and 3 [149, 152, 153]. It is shown in 
literature that during carbon-CO2 gasification, at least two types of surface C(O) 
complexes may exist [149]. These are expected to be, in the order of increasing stability, 
carbonyl, semi-quinone, and pyrone groups (see Figure B.1)  [154]. These are possibly 
the common sites on the 600_5 char, where CO2 or H2O dissociate, at the same 
gasification temperature. Our results from Sect. 3.4.3.2, suggest that, at lower stages of 
conversion, the mechanism of gasification for 600_5 char is possibly catalytic. Thus, we 
should consider the reactivity of CO2+H2O in the presence of Ca and K, which are the 
dominant inorganics in pine char (see Appendix B, Table B.2). In the presence of H2O, 
Ca can form hydroxides, while in the presence of CO2, there is a possibility of carbonate 
formation. Thus, it is possible that different catalytic sites are involved in the reaction of 
char with CO2 or H2O. These are possibly the sites where CO2 and H2O must be reacting 
independently. This should be investigated in detail in the future using model carbon such 





Figure 3.11 Experimental and predicted reactivity (equations 15, 16) of 600 °C, 5 bar 
char (based on L-H kinetics, initial conversion 5-10 % averaged) for 0.1 kPa partial 
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Figure 3.12 Model of char surface based on experimental observations.  
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3.4.5. Further Understanding the Role Played by Inorganics in Catalyzing 
Gasification Reaction.  
 The most abundant AAEM species in pine char are (in that order): K, Ca and Mg. 
To study the effect of these species on char gasification behavior, Avicel (cellulose) char, 
which contains no inorganics (Table 3.2), was used as a model char. As expected, Avicel 
char (AC) has negligible initial gasification reactivity (0.0015 min
-1
) in CO2 (Figure 
3.13). The initial reactivity (averaged between 10-20 % conversion) of mixtures of 
Avicel char and K2CO3 increases linearly with increasing M/C ratio, and then begins to 
plateau at M/C ~0.06. The linearity simply indicates an increase in the number of active 
sites with an increase in catalyst concentration, as previously reported [155]. The 
levelling off of gasification rate occurs due to the saturation of the char surface and the 
catalyst concentration at which it occurs is known to depend on the identity of the carbon 
surface (ranging from M/C~ 0.05-0.1) [156]. In the initial heat-up phase in N2 in TGA, 
K2CO3 is known to reduce to metallic K at 700 °C in the presence of carbon [157]. 
Reduction is also accompanied by simultaneous vaporization of some potassium from the 
carbon surface. Thus, the initial M/C ratio and the actual M/C ratio before the start of 
gasification reaction are not always identical. Once reduced, alkali metals can freely 
migrate on the carbon surface and undergoes a series of oxidation/reduction steps which 
constitute the mechanism of catalytic gasification [158]. The mechanism is discussed in 
detail in Appendix B. Figure 3.14 shows the complete reactivity profile of mixtures of 
Avicel char and K2CO3 at an initial catalyst loading of 6.8 wt. % K (M/C 0.024).  
 In the case of CaO, the rate increases linearly up to a loading of ~6 wt.% Ca in 
char (M/C 0.02) after which it levels off. The saturation as reported in literature occurs at 
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4 wt.% Ca in char [159]. The rate is known to level off due to sintering of the CaO 
particles [160]. The overall reactivity profile of Avicel char +CaO is shown in Figure 
3.14. Mg increases the initial reactivity of Avicel char by a factor of three (reactivity was 
0.0043 min
-1
 for Mg and 0.00159 min
-1
 for Avicel), but the enhancement is negligible 
compared to K and Ca.  
 Comparison between the overall reactivity profiles of catalyst loaded cellulose 
chars (Figure 3.14) with pine chars (Figure 3.5) shows that the shape of the reactivity 
profile is not a function of inorganic elements alone and is a complicated function of 





Figure 3.13 Effect of catalyst loading (M/C) (physical mixing) on the initial gasification 
rate of Avicel Chars (AC) in 100 % CO2 gasification at 900 °C  
 
 
Figure 3.14 Overall conversions vs. reactivity profile for catalyst loaded Avicel chars 




The following conclusions can be made from this chapter: 
 Ash is not distributed uniformly inside the char particles. Ash is associated 
preferentially with smaller fragments or fines inside the char.  
 The total gasification rate in CO2 as well as H2O decreases with an increase in 
pyrolysis temperature and residence time. It decreases with an increase in 
pyrolysis pressure from 5 to 10 bar followed by an increase from 10 to 20 bar. 
The reversal occurs at 15 bar at 600 °C.  
 The reactivity profiles for most of the chars show three regimes during CO2 
gasification; a first regime with high reactivity, a second regime where reactivity 
is very low, and a final regime with slight increase in reactivity. The high 
reactivity regime can be associated with the high hydrogen and oxygen content in 
char or the presence of active catalyst. The second regime of low reactivity could 
be associated with formation of inactive graphite-like carbon or the deactivation 
of certain catalysts due to sintering. The third regime could be associated with the 
sudden exposure of active carbon which was earlier coated by inactive carbon or 
the reactivation of certain inorganics at higher conversions due to phase changes 
or other chemical transformations. Comparison of reactivity profiles of steam and 
CO2 showed that differences in active sites towards the two gasifying agents exist 
at higher conversion (third regime). 
 The effects of various pyrolysis conditions on the initial CO2 and H2O 
gasification reactivity are the same as their effect on the total gasification time.  
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 The active sites for gasification appear to be present on the micropores in char. 
Ash correlates well with the most reactive chars, surface area with the medium 
reactive chars and H/C ratio with the least reactive chars. The correlation between 
the H/C ratio, the O/C ratio and reactivity is the best amongst all the measured 
properties, and these are the best descriptors of the initial gasification reactivity in 
CO2 or H2O. 
 The experimental rate for the gasification of chars in CO2 + H2O mixtures was 
found to be higher than the competition model and lower than the co-operation 
model. This shows that neither model can correctly predict the gasification rates 
in CO2+H2O mixtures. It also suggests that active sites are only partly shared 
between the two gasifying agents.  
 The catalytic effect of inorganics follows the order K>Ca>Mg during CO2 
gasification. At low loadings, the rate of K- and Ca- catalyzed reaction increases 
linearly up to K/C~0.06 and Ca/C~0.02, beyond which, further increase in K/C 
does not improve reactivity. K must be able to freely move on char surface in 
form of metallic K, Ca must sinter at higher conversions. Avicel can be used as a 









 Chapters 2 and 3 focused on pyrolysis and gasification of loblolly pine- a woody 
biomass. This chapter will focus on switchgrass – a biomass representing energy crops. 
Switchgrass, a native of North American prairies, currently attracts much attention as a 
model herbaceous energy crop for the United States. Switchgrass has the following 
attributes which make it desirable for bioenergy cropping: 
 Demonstrated long-term (> 10 year) high productivity across many environments 
[161].  
 Suitability for marginal land, relatively low water and nutrient requirements 
[162]. 
 Positive environmental benefits such as improved soil quality, reduced losses of 
soil nutrients, recycling nutrients from municipal and agricultural wastes, soil 
carbon sequestration, and mitigating greenhouse gas emissions [163-165]. 
 Research is currently underway for the utilization of this valuable feedstock via 
hydrolysis for ethanol production [166, 167], fast pyrolysis for bio-oil production [168-
170], and gasification for syngas production [171-173]. Depending on the gasification 
conditions, biomass carbon conversions (quantity of carbon in biomass that is converted 
to syngas) of up to 70-90 % have been achieved in some studies [171, 172]. The 
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remaining ungasified char residue represents the loss in carbon efficiency. Our ultimate 
goal is to understand the gasification behavior of this ungasified char to improve the 
efficiency of the overall process. 
 To realize this aim, our approach involves a systematic breakdown of the 
gasification process into- pyrolysis and char gasification. This way, we can separate the 
fast pyrolysis step from the rate-limiting gasification step. Once we develop an 
independent understanding of these two steps, we can link them together by establishing 
structure-property relationships. In order words, once we understand the development of 
char structure during pyrolysis, we can study how this structure would affect char 
gasification characteristics. Therefore, this chapter consists of two parts- pyrolysis of 
switchgrass and gasification of switchgrass char. 
 Parallels will be drawn between pine and switchgrass at different points in the 
following text. Switchgrass possesses higher ash content than pine which influences its 
gasification behavior. Ash in switchgrass mainly contains potassium and silicon; while 
ash in pine mainly contains calcium and does not contain silicon. In Chapter 3, we 
discussed how potassium catalyzed the gasification reaction. Switchgrass, which has a 
higher potassium content, is expected to react faster than pine. Potassium is known to 
readily react with silica, at temperatures far below 900 °C, by breaking the Si–O–Si bond 
and forming silicates leading to lowering of its catalytic ability [69]. Since switchgrass 
contains both potassium and silica, there is a possibility of silicate formation, which will 
negatively impact its gasification reactivity. This chapter aims to better understand the 
effect of silicon in switchgrass pyrolysis and gasification. 
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4.2 Experimental Methods 
4.2.1 Materials. 
 Switchgrass (Panicum virgatum L.) was obtained from NREL. The feed was 
ground using a Wiley mill and particles in the size range of 180-250 µm were used for all 
experiments.  
4.2.2 Pyrolysis Conditions. 
  Switchgrass chars were generated in the PEFR which is described in Chapter 2. 
Pyrolysis was conducted in an inert atmosphere of N2 at the operating conditions listed in 
Table 4.1. 
 Chars, gases, and tars generated at each operating condition were collected and 
analyzed using the techniques described below. In the rest of this chapter, chars will be 
referred to based on their formation conditions, abbreviated as Temperature_Pressure 
(For example, 600_5 or 1000_5). The short residence time (SRT) sample is abbreviated 
as 1000_5_4s. 
Table 4.1 Operating conditions for switchgrass pyrolysis 
 
  Pyrolysis Temperature 
Pressure (bar) Residence time 600 °C 800 °C 1000 °C 
5 28    
10 28    
15 28    
5 4    
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4.2.3 Product Characterization. 
 Proximate analysis of switchgrass feed was performed by Huffman Laboratories, 
Golden, CO according to ASTM D3172 [174] protocol. Ultimate analysis of both the 
feedstock and char was also performed by Huffman Laboratories according to ASTM 
D3176 [175] protocols. The inorganics content of both biomass and chars was 
determined by Inductively Coupled Plasma Emission Spectroscopy (ICP-AES). This was 
performed by the Analytical Testing Lab at the Renewable Bio-products Institute, 
Atlanta, GA. Acid digestion was used to digest the chars and analysis was performed 
using Perkin Elmer Optima 3000 DV ICP Emission Spectrometer. The major elements in 
pine char K, Ca, Fe, Al, Mg, Si were quantified. 
 SEM and XRD were conducted on both the biomass as well as chars according to 
the same protocols as described in Chapter 2.  
 N2 (at 77 K) and CO2 (at 273 K) adsorption techniques were used to determine the 
surface area and pore-size distribution of biomass and char samples. The two techniques 
provide complementary data as discussed in Appendix A. The comparison of results from 
the two techniques for switchgrass and its chars are shown in Appendix C (Figure C.1). A 
Micromeritics ASAP 2020 instrument was used for physisorption experiments for both 
untreated switchgrass and chars (SRT). Feed samples were out-gassed by ramping the 
temperature at 10 °C/min to 50 °C on the degas port of ASAP 2020 at a pressure of 10 
µm of Hg for 4 hours. Char samples were first outgassed in a horizontal flow reactor.  
This rector is described in detail in Chapter 5 section 5.2. The char samples were placed 
in a quartz boat. The temperature of the furnace was ramped at 25 °C/min to 800 °C and 
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then held isothermal for 10 min in flowing N2. The N2 flow rate was 500 ml/min. The 
char was then cooled to room temperature in flowing N2. The above procedure needs to 
be performed to remove the residual tars deposited on the char surface from pyrolysis 
reaction. The chars were then transferred to the degas port of ASAP 2020. They were 
further degassed at vacuum set point of 10 µm of Hg by ramping temperature at 10 
°C/min to 105 °C, and holding the temperature for 4 hours. The surface area was 
computed using Brunauer–Emmett–Teller (BET) equation for N2 and Dubinin-
Radushkevich (DR) equation for CO2 [90]. The micropore surface area was calculated by 
applying Density Functional Theory (DFT) model in MicroActive 2.0 software to CO2 
adsorption data. Meso- and macro-pore parameters were obtained by applying the 
Barrett-Joyner-Halenda (BJH) model to N2 physisorption data. In this text, the pore size 
classification is according to the IUPAC standards: micropores (pore width <2 nm), 
mesopores (2-50 nm) and macropores (>50 nm) [91] 
 Pyrolysis gases were collected in Tedlar ® bags and analyzed using a Varion 490 
micro-GC as described in Chapter 2. Tars were extracted using Soxhlet extraction and 
analyzed using LECO Pegasus® GCxGC-TOF-MS using similar procedure as described 
in Chapter 2 Sec 2.2.  
4.2.4 Char Gasification.  
 Chars generated at each of the pyrolysis conditions were gasified in a TGA as 
described in detail in Chapter 3. Char samples were placed in a 90 µl alumina crucible 
(5.55 mm diameter, 4.00 mm height). The crucible was filled with the sample to around 
half of its height which amounted to about 2-5 mg of char for every run. The sample was 
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heated at 25 °C/min to a final temperature of 800 °C in flowing N2 (200 ml/min) and held 
isothermally at 800 °C for 10 min. The gas flow was then switched to 100 % CO2 and the 
sample was held isothermal till the end of the reaction or for 250 min, whichever was 
earlier. The end of the reaction is the time when no further loss in weight of char occurs, 
and ash is left behind in the crucible. Ultra-high purity (99.999 %) grades of N2 and CO2 
were used in the TGA. 
 The carbon conversion (X), specific reactivity (r), and instantaneous reactivity (R) 
were calculated using the equations 9-11 in Chapter 3 section 3.3. 
4.3 Results and Discussion. 
4.3.1 Effect of Pyrolysis Conditions on Switchgrass Pyrolysis Products. 
4.3.1.1 Gases.  
 The effect of temperature and residence time on the PEFR pyrolysis gas 
composition is shown in Table 4.2. With an increase in temperature, the concentration of 
CH4 decreased. CO2 and H2 concentrations increased from 600-800 °C, and decrease 
from 800 to 1000 °C. This suggests a role of reverse water-gas shift reaction above 800 
°C and also explains the increase in CO especially after 800 °C. The decrease in CH4 is 
likely due to steam reforming reaction which is thermodynamically favorable at high 
temperatures. The concentration of C2-C4 hydrocarbons decrease with an increase in 
temperature due to two main reactions: cracking reactions and free radical reaction to 
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 With an increase in residence time, major changes occurred in concentrations of 
CH4 and C2-C4 hydrocarbons. Reforming and cracking reactions which are 
thermodynamically favorable but kinetically limited (Chapter 2 Sect 2.3.2.2) occur at 
longer residence times. Thus, the concentration of hydrocarbons decreased and that of 
CO and H2 showed a corresponding increase. It should also be noted that the fact that C2-
C4 hydrocarbons were observed at such short residence times as 4 s suggests that 
secondary pyrolysis reactions occur in the PEFR. 
 With an increase in pressure, the most drastic effect was seen in C2-C4 
concentrations which decreased as pressure increased. This is possibly because of 
increased residence time of these gases inside the char particle, leading to secondary and 
tertiary pyrolysis reactions. The concentrations of CO, CH4, and H2 slightly increased 
with an increase in pressure. In case of pine, similar observations were made in the gas 
analysis results from PTGA (Chapter 2, section 2.3.2.2).  
 In general, the gas analysis results from the PEFR are similar irrespective of the 
biomass feedstock used (pine or switchgrass). Specifically, the C2-C4 hydrocarbons 
undergo secondary and tertiary pyrolysis reactions and their concentrations decrease as 
the severity of pyrolysis increases.   
4.3.1.2 Tars.  
 Tars found in representative samples (600 °C (5-15 bar), 800_5, 1000_5_2s) are 
listed in Table 4.3. All the compounds reported have been matched with the NIST 
database. If the peak match results were too ambiguous or returned a low quality match, 
just the potential molecular ion formula and an educated suggestion for peak identity are 
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given, and a question mark is placed in parentheses. For a specific compound, 
comparison of area counts (concentration) between different samples is possible. 
However, comparisons in area counts between different compounds, either within a 
sample or between samples, is not done due to greatly differing response factors of 
different compounds in the MS. The classification of tars into primary, secondary, 
tertiary, and alkyl tertiary species is based on Evans and Milne's exhaustive work [97].   
 Primary tars, which represent products of primary decomposition of biomass, 
were observed only in the sample generated at short residence time. For example, acetic 
acid is a documented product of primary pyrolysis of cellulose [99]. The secondary tars 
were observed in the 600 °C, 5 bar sample but to a lesser extent in samples generated at 
higher temperatures and pressures. Tertiary and alkyl tertiary tars were observed at all 
conditions and almost all the tars observed at 600 °C (higher pressures) and 800 °C, 5 bar 
were tertiary. From the above discussion, we can conclude that, as the severity of 
pyrolysis increases, that tars undergo secondary and tertiary pyrolysis reactions. At most 
severe conditions, tars observed are usually polynuclear aromatic hydrocarbons (PAHs). 
These observations are similar to those for pine pyrolysis in Chapter 2.   
 N-Containing tars such as indole, naphthalenecarbonitriles, carbazole, 
phenanthridine, azafluorene, and benzoquinoline were also detected in the GC-MS. The 
source of these species must be the proteins in switchgrass. A previous study showed that 
Alamo switchgrass contains 7 % by dry weight proteins [176]. Several researchers on 
protein pyrolysis have observed the above tar species in their products [177, 178]. Also, 
various N-containing compounds in bio-oil or tars have been observed in previous studies 
[179, 180].  
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 It should be noted that, due to the high reactor pressure, some volatiles are trapped 
and condense on the char surface and these species do not reach the fume filter. These 
were not analyzed in this work. The experimental set-up used in this study did not permit 
a quantitative description of tar formation. The following limitations of our method of 
collection, storage, and extraction of tars should be noted:  
 Incomplete collection on filter due to the tars sticking on the walls of the collector 
tube of PEFR.  
 Condensation reactions of primary tars, which are known to oligomerize at 
ambient conditions and stay within the char particle [181]. 
 Possible loss of most volatile tars while vaporizing the solvent after extraction. 
 The trends in tars generated after pyrolysis of pine and switchgrass are similar 





Table 4.3 Tars classified as primary (P), secondary (S), tertiary (T) and alkyl tertiary (AT)  
 







C14H10 - (9-methylene -9H-Fluorene?) AT












C13H10 - (1H-Phenalene?) T
Indole T
C13H10 - (Benzo[?]indene?) T

















C8H8O3 - (Benzenediol monoacetate? ) S
C6H6O2 - (Benzenediol?) S
Acetic acid P





Area Count : 
>25,0000
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4.3.1.3 Chars.  
 The following paragraphs discuss the results from a variety of analytical 
techniques used to measure char morphology, surface area, chemical constitution, and 
crystallinity. The last subsection is a discussion which brings together all the results on 
char analysis into a model summarizing the physical and chemical phenomenon involved 
in pyrolysis.  
4.3.1.3.1 Effect of pyrolysis variables on Char Morphology.  
 Figure 4.1A shows the shape of switchgrass feed. It has a distinct cell wall and a 
smooth surface. At 1000 °C, 5 bar, 4 s in the PEFR, shape of the char greatly resembles 
that of feed since pyrolysis might have just began. The difference between the char 
formed at 4 s residence time and the feed is that, the surface of the char is no longer 
smooth and develops pores as volatiles escape from the char. As the particle falls through 
the reactor, more and more volatiles evolve, and after 28 s, the char formed has 
developed a spherical morphology. Not the entire char particle was spherical; part of it 
still retained the morphology of the starting biomass. 
 The effect of pyrolysis temperature on char morphology is shown in Figure 4.1B. 
The degree of swelling of the char particle increases with an increase in temperature. At 
1000 °C, melting and swelling of char occur simultaneously, resulting in fusion of one or 
more char particles. Therefore, chars at 1000 °C appear as a fusion of 2-3 pyrolyzing 
particles. The particles are much larger (~400 µm) than the low temperature chars and are 
swollen in all directions. It should be noted that even at 1000°C, 28 s a small part of char 
still retains the morphology of the switchgrass feed.  
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The effect of pressure on char morphological evolution (Figure 4.1C) is not as dramatic 
as the effect of residence time and temperature. Increase in pressure leads to slight 





Figure 4.1. SEM Images of A. Untreated switchgrass (180-250 µm) left along with the 
effect of Residence Time at 600 °C, 5 bar; B. Effect of Temperature at 5 bar, RT= 28 s; 
C. Effect of Pressure at  600 °C, RT 28 s 
 Feed 4s 2 s 
      C       C 1      C 





However, the morphology of the parent feed material is still retained. The morphology 
retention as a function of increasing pressure is much higher than the morphology 
retention with an increase in temperature. In other words, the difference in swelling 
between 1000 °C and 600 °C chars is much larger than the difference in swelling between 
15 bar and 5 bar chars.  
4.3.1.3.2 Effect of pyrolysis variables on Char Surface Area.  
 The total surface area calculated using DR equation from CO2 isotherms and 
using BET equation from N2 isotherms is shown in Table 4.4. Table 4.4 also lists the 
micropore surface area calculated by applying DFT model to CO2 isotherms and 
(meso+macro) pore surface area calculated by applying BJH model to N2 isotherms. The 
experimental error margins on the total areas are ~+10%. The absolute value of DFT and 
BJH areas, along with the fractional contribution from individual pore types, is shown in 
Figure 4.2. 
 Untreated switchgrass has a very low CO2 surface area of 40 m
2
/g, and 97 % of 
this surface area is present in the micropores. The total surface area increases by an order 
of magnitude as switchgrass particle undergoes pyrolysis in the PEFR. Compared to pine 
chars, the surface areas of switchgrass chars are very close to each other, after taking into 
account the experimental error limits. Some general observations are listed below: 
 With an increase in residence time at 1000 °C, 5 bar the total micropore surface 
area remains the same, while the meso- and macropore surface area increases. With an 
increase in temperature from 600 to 800 °C, the total CO2 area increases at all pressures, 
while from 800 to 1000 °C, the total CO2 area decreases at pressures of 5 and 15 bar. The 
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1000_10 char is an exception to this trend. However, most of the higher surface area of 
1000_10 comes from the meso and macropore contribution and its micropore surface area 
is almost same as the char at 800_10. In general, the chars at 1000 °C have the lowest 
fractional contribution of micropores to the total surface area. The trends in surface area 
as a function of pressure are not uniform at each of the temperatures studied. If we focus 
only on the micropore surface area in Figure 4.2, the surface area change between 
samples is within the range of experimental error. The trends in meso and macro surface 






Figure 4.2 Surface area calculated using DFT (micro) and BJH (meso+macro) models. 
The numerical values inside each column depict the percentage distribution of area 
amongst micro- and (meso+macro) - pores. 
Table 4.4 Values of surface area calculated using different models. 
 










 m2/g m2/g m2/g m2/g m2/g 
Feed 40 1 15 0 0 
      
600_5 152 69 153 9 4 
600_10 189 142 179 25 4 
600_15 162 3 177 0 1 
      
800_5 272 20 275 3 2 
800_10 220 8 205 3 2 
800_15 263 41 248 5 2 
      
1000_5 217 172 171 25 6 
1000_10 315 291 241 37 19 
1000_15 186 176 132 33 12 
      
1000_5_4s 184 20 176 5 4 
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4.3.1.3.3 Effect of Pyrolysis Variables on Chemical Composition.  
 Table 4.5 shows the elemental analysis and ICP results of untreated switchgrass 
as well as chars. The H/C and O/C ratios in switchgrass feed particles are 1.43 and 0.67, 
respectively. These ratios decrease to one third of the starting value at short residence 
times (1000_5_4s). The H/C ratio also decreases with an increase in pyrolysis 
temperature. A larger drop in H/C ratio is obtained between 600-800 °C than between 
800-1000 °C. This trend has been observed in literature [114] as well as observed in case 
of pine chars in Chapter 2. The O/C ratio decrease with temperature, the only exception 
being char at 1000_15 which has a higher O/C ratio than 800_15. With an increase in 
pressure, the H/C ratio does not undergo significant changes. The O/C ratio is fairly 
constant at various pressures at 600-800 °C, and it increases with pressure at 1000 °C. 
 Switchgrass has 3.4 wt. % ash which is high compared to pine (0.2 wt.%). A 
closer look at the specific elements in ash shows that switchgrass contains a higher 
fraction of potassium and silicon and a lower fraction of calcium and aluminum 
compared to pine (shown in Appendix B, Table B.2). Ash becomes more concentrated as 
biomass loses volatiles to form chars. The ash in all the switchgrass chars is between 14-






















































































































































































































































































































































































































































































































































































































































































































































































































































































































insensitive to pyrolysis conditions. Similar to the feedstock, the silicon concentration in 
char dominates the inorganics content followed by potassium and calcium. 
4.3.1.3.4 Effect of Pyrolysis Variables on Char Crystallinity.  
 The X-ray diffractogram of untreated switchgrass (Figure 4.3) shows two broad 
peaks at 2θ values near 16° and 22° which are known to be due to the (101) and (002) 
lattice spacing of cellulose [92-94]. The small peak at 34.5° is also attributed to cellulose 
[92]. 
 When switchgrass enters the PEFR at 1000 °C, 5 bar, the crystallinity of cellulose 
is lost and the char becomes virtually amorphous. Two new bands at 25° and 44° start 
appearing at a residence time of 4 s. These become sharper and increase in intensity as 
the residence time increases to 28 s. These bands correspond to the diffuse (002) and 
(001) bands in graphite, respectively [51, 55, 78]. The major peak centered at 2θ ~25°, is 
 
Figure 4.3 XRD showing destruction of cellulose in switchgrass feed as the pyolyzing 
switchgrass particles falls through the PEFR at 4 s and 28 s residence time (1000 °C, 5 
bar). 
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attributed to stacking height of the graphitic basal planes. In the case of pure graphite, the 
(002) peak is symmetric and the apparent asymmetry of this peak observed in chars is 
due to the existence of γ band on its left hand side which makes the peak broad. The 
broad (002) band implies that the chars have a highly disordered structure, consisting of 
both amorphous carbon and saturated aliphatic side chains [77, 107, 108]. The peak at 2θ 
~ 44° is attributed to the radial spread dimension which arises from graphite like atomic 
order within a single plane. Thus, with an increase in the residence time in the PEFR, the 
switchgrass char loses crystallinity associated with cellulose and transforms into a 
graphite-like char. 
 With an increase in temperature, at a fixed pressure (15 bar) and residence time 
(28 s), the char becomes more graphite-like (Figure 4.4). The two graphitic peaks at 25° 
and 44° become narrower and sharper as the temperature increases from 600 to 1000 °C. 
 
Figure 4.4 XRD showing the increase in structural-order of char as the 
pyrolysis temperature increases (15 bar, 28 s) 
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In 1000 °C char, a third peak is observed, a small hump at ~80°, which corresponds to the 
(111) graphite band [108]. At 15 bar, the difference in the graphitic nature of chars is not 
that drastic between 600-800 °C as that between 800-1000 °C. The effect of temperature 
on chars formed at other pressures (5 and 10 bar) cannot be differentiated based on the 
XRD signal. Similarly, at a fixed temperature, varying pressure does not make a 
significant difference in the XRD signal. For a complete dataset on XRD refer to 
Appendix C (Figure C.2).  
4.3.1.3.5 Understanding the charring process. 
a. Effect of residence time. As switchgrass feed particles fall through the PEFR, they 
experience very high-heating rates, and the cellulose, hemicellulose, and lignin in 
switchgrass start rapidly decomposing. The decomposition of biopolymers leads to a 
rapid release of gases and volatiles from char. The rapid release of gases must lead to a 
sudden expansion in the surface area of biomass, forming a highly microporous char. The 
gases escaping chars leave behind perforations on the char surface (1000_5_4s) as seen in 
the SEM. XRD shows that the decomposition of cellulose is almost complete at 4 s. The 
loss of H- and O- functional groups in the form of volatiles and gases leads to a lowering 
of H/C and O/C ratios, and the char becomes more carbonaceous than the parent biomass. 
In fact, at 4 s, the char starts developing graphite-like features. With an increase in 
residence time from 4 to 28 s, more gases evolve, and the H/C and O/C ratios decrease 
even further. The graphitic nature of char consequently increases. The char at 28 s is 
more spherical in morphology than the char at 4 s possibly because of the entrapment of 
the gases escaping the char surface. As these entrapped gases burst out of the char 
surface, they might lead to the destruction of some of the micropores to form more meso 
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and macropores at 28 s. In short, longer residence times leads to more carbonaceous, 
more graphitic char with a higher void space in the form of meso- and macropore area.  
 These trends are similar to those observed in pine; however, the intensity of 
change accompanied with higher residence time is quite different. In the case of pine, an 
increase in residence time leads to a much larger collapse in the micropore area of char 
(Chapter 2, Figure 2.3). Thus, not only more meso and macro pores are formed at longer 
residence time, but also a significant loss in micropore surface area occurs. These 
differences can be explained by evaluating the development of morphology of chars in 
both the biomasses. In the case of pine chars, the entire particle develops a spherical 
morphology, while in the case of switchgrass chars; part of the particle retains the 
morphology of the feed. The fact that softwoods tend to melt and transform their shape 
more than agricultural residues (or grasses) has been observed in literature before [51]. 
The resistance to melting is possibly associated with the silica rich ash in switchgrass. 
The time between 4 s to 28 s may not be enough for the entrapped gases in switchgrass to 
burst out (as fast as they can in case of pine) against the resistance of ash. This is possibly 
why the micropores do not collapse as rapidly as they do in pine.     
b. Effect of temperature. Higher temperature provides more energy for the C-H and C-O 
bonds in switchgrass to break leading to a release of larger amount of gases. Melting of 
biomass occurs faster at higher pyrolysis temperatures. The gases are trapped inside the 
molten biomass particle and try to escape even as more gases are formed from the 
decomposition reactions. This results in the pyrolyzing particles becoming swollen. In the 
case of chars generated at 1000 °C, melting causes fusion of two or more char particles. 
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Consequently chars particles generated at 1000 °C are much bigger in size than chars 
generated at 600 and 800 °C as seen under SEM.  
 From 600 to 800 °C, as the gases are released from the particle, the pores which 
were otherwise clogged by the volatiles (at < 600 °C) possibly start opening, and the total 
surface area increases. Thus, chars formed at 800 °C have a higher total surface area than 
chars formed at 600 °C. The loss of gases leads to a reduction of H/C and O/C ratios, and 
the char becomes more carbonaceous. XRD does not show a significant difference in 
graphitization from 600 to 800 °C. In the case of pine, a significant structural evolution 
has already occurred by 600 °C. Hence, loss in gases from 600-800 °C led to a pore 
collapse and formation of a highly graphitic char. In the case of switchgrass, since the 
volatile release does not lead to as dramatic morphological evolution as pine, there is still 
a chance for the char structure to evolve above 600 °C. Therefore, the surface area in 
switchgrass must be still evolving at 800 °C while in case of pine, the developed area was 
on the verge of collapse.  
 The H/C ratio drop between 600-800 °C is significantly larger than the drop 
between 800-1000 °C. In spite of an incremental loss of volatiles between 800-1000 °C, 
the surface area undergoes significant changes. Particularly, the total surface area 
decreases from 800 °C to 1000 °C and the large amount of meso- and macropores are 
formed. This is possibly because of structural shrinkage of the carbon structure at 1000 
°C, which was also observed in case of pine [109]. Shrinkage leads to a structural 
collapse, and collapsing of the micropores to generate a larger void space of meso and 
macro pores inside chars. This could be seen in the 1000_15 char (Figure 4.4). Loss of 
volatiles makes the carbon graphite-like. However, the graphic nature of 1000 °C char at 
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5 and 10 bar was not evident from XRD (Appendix C, Figure C.2). While the O/C ratio 
decreases between 800 to 1000 °C at fixed pressures of 5 and 10 bar, there is a slight 
increase in the O/C ratio from 800 to 1000 °C at 15 bar. In other words, 1000_15 has 
higher O/C than 800_15. This can be explained by the example of high pressure pine 
chars (800_20 and 600_20). At 15 bar, there is an entrapment of gases in the char particle 
due to lower driving force for the gases to escape. Higher temperature leads to a higher 
preferential loss of H2 via direct hydrogenation [115], while O can still be retained in the 
char in the form of stable ether linkages [109]. Thus, both pressure and temperature play 
a role in determining the properties of some chars. Therefore, it is important to consider 
the effect of pressure.  
 While volatile release must play a role in determining char properties between 
600-800 °C, structural collapse possibly occurs between 800 to 1000 °C. This is very 
similar to pine. The only difference is that the degree of manifestation of the structural 
collapse is vastly different between pine and switchgrass.  
c. Effect of pressure. In the case of pine, we attributed the differences between chars 
generated at different pressures to the differences in volatile release. The differential 
(between inside and outside) pressure across the char particle must affect the char 
morphology and consequently the surface area and chemical properties of char. As we 
have already seen in the forgoing discussion, the evolution of volatiles in the case of 
switchgrass is largely impeded, possibly by the resistance to swelling of char. Thus, the 
effect of pressure on char properties is not as dramatic as in the case of pine. SEM images 
of chars generated at different pressures do not show a significant difference. There is 
still some entrapment of gases at higher pyrolysis pressures. However, the entrapment did 
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not generate enough overpressure inside the char to form gas-filled pockets (or bubbles). 
The changes in surface area of chars with an increase in pressure were within the limits of 
the experimental error. The O/C ratio continuously increased with pressure at 1000 °C, 
possibly due to preferential entrapment of O- over H- at high pressures, as disused earlier. 
The change in the H/C ratio as a function of pyrolysis pressure was negligible. No 
significant changes were observed in the XRD of chars obtained at different pressures 
(see Appendix C, Figure C.2). 
 Now that we have studied the structure of char as a function of pyrolysis 
conditions, let us try to understand how the char structure plays a role in the gasification 
reactivity of char.   
4.3.2 Effect of Pyrolysis Conditions on CO2 Gasification of Switchgrass Chars 
4.3.2.1 Mass Transfer Studies.  
 Before performing kinetic studies on char gasification, mass transfer effects in the 
TGA were studied. 1000_5 char was used for performing these tests. 
 Internal transport tests to study the pore diffusion limitations for CO2 were 
performed by crushing 1000_5 char using a mortar-pestle and sieving it to different size 
fractions: <53 µm, 53-90 µm, 90-125 µm and 125-250 µm. The crushed and the 
uncrushed chars were gasified at 800 °C in 100 % CO2. Figure 4.5 shows the effect of 
particle size on the rate of conversion. Reactivity of uncrushed char reactivity was equal 
to the weighted average of the reactivity of its size fractions. Crushing of char particles 
reduces the diffusion length for CO2 and, if there are diffusion limitations, increases the 
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rate of gasification. As the particle size decreased, the gasification rate decreased and was 
highest for the larger particles. Thus, the results were counterintuitive at the first look.  
The ash content in both the uncrushed char and its smaller fractions was 
measured. The ash content correlated positively with the respective initial gasification 
 
 
Figure 4.5 Effect of particle size on the conversion vs. time profile of 1000_5 




Figure 4.6 Correlation between ash content and initial reactivity (10-20 % 
conversion) of various size fractions of 1000_5 char. (100 % CO2, 800 °C) 
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reactivity (Figure 4.6). The lower reactivity of the smaller size fractions must reflect only 
their lower ash content since the pore diffusion limitations for the smaller particles would 
be negligible. This result suggests that ash is mainly concentrated in the larger fragments 
in switchgrass char. From SEM analysis, we noticed that a portion of char that is resistant 
to swelling could be ash rich. It is possible that when char was crushed, this portion, 
which mainly contains ash, is hard to pulverize and ends up in the 125-250 µm size 
range. In the case of pine, the ash was associated with the fines in char. This result is 
quite opposite. This result also means that if the ash is used as a descriptor of reactivity of 
char, not only its amount, but also its dispersion in char should be taken into account.   
 The uncrushed char was gasified at 700 °C, 800 °C, and 900 °C in 100 % CO2. 
First order kinetics was assumed and the average rate constant between 10-20 % 
conversion was calculated. This was used to draw an Arrhenius plot. The activation 
energy was found to be 232 kJ/mol, in the same range as that observed for pine chars in 
Chapter 2.  
4.3.2.2 Overall Gasification Reactivity.  
 All the 10 chars generated at various pyrolysis conditions in the PEFR were 
gasified in TGA in 100 % CO2 at 800 °C. Figure 4.7 shows the conversion versus time 
plots for these chars. In general, following observations can be made: 
1. At a fixed temperature and pressure, an increase in residence time leads to a 
reduction in the char gasification activity. 
2. At a fixed pressure and residence time, an increase in pyrolysis temperature leads 
to a decrease in reactivity of resulting char. 
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3. At a 600 °C, an increase in pressure leads to a slight decrease in activity. At 800 
°C, an increase in pressure decreases the activity from 5-10 bar and increases 
activity from 10-15 bar. At 1000 °C, an increase in pressure increases activity 
which then plateaus after further increase in pressure. In short, the trend with 
pressure is not uniform across all the temperatures studied. 
 The first two observations are similar to those in pine. The structural and chemical 
factors in chars giving rise to these trends will be discussed in the following section 
(section 4.3.2.3). In the case of the pressure effect, the trends are not uniform in 
switchgrass, across all temperatures studied. The differences in char properties due to 
pressure are usually attributed to the volatile release. These differences were not obvious 
when we studied at the char properties (section 4.3.1.3): i.e. the effect of pressure on char 
properties did not follow any specific trend. However, the effect of pressure becomes 
more apparent when the char gasification behavior across the entire conversion range has 
been considered. At this time, we are unable to explain these differences due to 
insufficient data across entire conversion range.  
 The derivatives of selected curves from Figure 4.7 are shown in Figure 4.8. For 
all the chars except 600_5 and 1000_5_4s, three distinct gasification regimes can be seen. 
This behavior is similar to our observations in the case of pine. Based on the conjecture 
in literature [123, 138] and our own observations, the following can be speculated 
regarding the three regimes: The initial high reactivity can be attributed to trapped 
volatiles or the catalytic effect of inorganics, depending on the case; the regime where 
reactivity drops to a negligible value (0.4-0.6 conversion) is attributed to formation of 
unreactive, turbo static carbon; and the third regime can be a attributed to sudden 
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exposure of active sites which were earlier encapsulated by the unreactive carbon.  
 
 
Figure 4.7 Conversion vs. gasification time of switchgrass chars from PEFR 
(gasified in 100 % CO2, 800 °C). 
 
 
Figure 4.8 Specific reactivity vs. conversion of selected chars gasified in 100 % 




Similar to pine, the 600_5 and 1000_5_4s chars do not go through the second regime of 
low gasification reactivity. This suggests that only severe pyrolysis conditions (high 
temperatures, long residence times, and high pressures) are needed for the formation of 
non-catalytic (graphitic) char.  
In summary, the gasification reaction of switchgrass chars over the entire range of 
conversion is a complex process, and the analysis should take into account the changes in 
catalytic activity, pore development, volatile entrapment, graphitization, and the possible 
interrelationships between these factors. Also, the general three regime mechanism is 
same irrespective of whether the source of biomass is wood or grasses. 
4.3.2.3 Initial Gasification Activity.  
 In this section, we will focus on the correlation between char properties and the 
initial CO2 gasification reactivity averaged between 10-20 % conversions. This is 
because; measured properties of char only represent its initial gasification behavior since 
the char properties will change in the course of conversion. There is a possibility that the 
char properties have changed in the initial heat up phase in TGA before gasification has 
begun. This is more applicable for the chars generated at 600 °C which lose more volatile 
matter in the heat-up phase than the chars generated at higher temperatures. This should 
be noted when we are comparing the char properties and reactivities below. The behavior 
in the later stages of conversion of char is quite dynamic as observed before and is 
beyond the scope of this work. 
Table 4.6 lists the initial reactivity values of switchgrass and pine chars for 
comparison. In general switchgrass chars possess higher initial reactivity than pine chars 
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by a factor ranging from 2-14, depending upon the pyrolysis condition. Table 4.6 also 
lists the time taken to achieve 50 % conversion after the char comes in contact with CO2 
in TGA. The t50 value helps in quantifying the reactivity over the entire conversion, but 
will not be used in structure-property correlations due to the reasons described in the last 
paragraph.   
 
  Let us compare the trends in initial reactivity (Table 4.6) with the trends in 
overall conversion (Figure 4.7, see conversion at 200 minutes) from the previous section. 
The overall reactivity decreases with an increase in the pyrolysis temperature. The 




Switchgrass               




Pine                Initial 
Reactivity x 103  r5-
10% (1/min) 
600_5 43.4 12.6 21.9 
600_10 47.3 13.0 16.8 
600_15 42.8 13.6 16.0 
    
800_5 44.3 14.0 14.4 
800_10 29.6 24.0 6.6 
800_15 39.0 16.6 8.8 
    
1000_5 8.3 246.2 4.0 
1000_10 11.9 83.5 0.9 
1000_15 15.4 78.9 1.1 
    
1000_5_5 15.1 38.2 17.5 
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differences with temperature in the initial reactivity are not as drastic between 600 to 800 
°C as between 800 to 1000 °C. The differences in the initial reactivity between 
1000_5_4s and 1000_5 are also not as apparent as the overall conversion range. The 
same applies to the effect of pressure. The t50 values are a middle ground between overall 
conversion (Figure 4.7) and initial activity; for chars formed at 600-800 °C, the t50 and 
initial reactivity trends are similar; but for chars formed at 1000 °C, the t50 and overall 
conversion tends are similar.  
 From the above analysis, we can conclude that the pyrolysis temperature, 
pressure, and residence time do not cause drastic changes in the initial gasification 
behavior (up to 20 % conversion) of chars (except for 1000 °C chars). The differences 
start becoming apparent at 50 % conversion, but only at high temperatures (800-1000 °C 
chars). Above 50 % conversion, the reactivity differences between almost all the rest of 
the chars start becoming apparent.  
4.3.2.4 Factors affecting initial gasification activity.  
 Figure 4.9 shows correlations between different physical and chemical properties 
of switchgrass char and its CO2 gasification reactivity. The surface area is the most 
common factor that is associated with reactivity [78]. On plotting the total CO2 surface 
area against initial reactivity of char (Figure 4.9A); we observed a positive correlation 
only for the chars formed at 800 °C. These are also the chars exhibiting medium range of 
gasification activity, between the most active (600 °C) and the least active (1000 °C) 
chars. In the case of pine, the micropore area made this correlation better for chars with 
low reactivity. In this case, micropore area (Figure 4.9B) did not help. We then 
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considered the heteroatom content (quantified by the H/C and O/C ratio), which achieved 
the best results in case of pine chars. We observed that the heteroatom content shows a 
positive correlation (Figure 4.9C-D) only for the least reactive chars (1000 °C). At 1000 
°C, the chars are highly carbonaceous and are mostly graphitic. Also, these chars 
represent the final stages of carbonization and must have gone through structural 
shrinkage as mentioned in section 4.3.1.3.5. Thus, H- and O- atoms play a role in 
providing imperfections or electronic dislocations in the otherwise graphitic (turbo static) 
carbon structure. Even a small amount of O and H at 1000 °C possibly provides the most 
active sites for gasification. Once this oxygen is consumed, the reactivity should decrease 
in the later stages of conversion. This is supported by Figure 4.8, where the reactivity 
drops to a very low value early in the chars with the lowest H and O content. The regime 
then possibly shifts to the reaction of highly unreactive carbon with CO2. These 
observations are very similar to pine, where the reactivity of least active chars could best 
be correlated with the heteroatom content. In the case of pine, ash content was found to 
be the best descriptor of the most reactive chars. Since K is the most dominant catalytic 
element in switchgrass chars, we plotted initial reactivity vs. potassium content and found 
a good correlation for most of the chars, including the most active chars. Catalytic 
mechanisms are usually the mechanisms with least activation energy, and it is not 
surprising that the most active chars (which also have the highest amount of catalyst) 
follow a catalytic mechanism. However, as mentioned before, Si is known to bind to K to 
form potassium silicates, we considered it necessary to factor the effect of silicon. 
Towards that end, we plotted reactivity against K/Si and the correlation was found to be 
the best amongst all the factors studied so far. Thus, the activity of K should be 
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considered in the light of the Si present in biomass samples. It should also be noted that 
the content of ash alone does not matter; the ash dispersion and the active form (oxidation 
state, counter ion present etc.) in which the particular element is present in the ash can 
also play a role. This is worth investigating for future studies. We can summarize the 
above observations for switchgrass chars by saying that the mechanism with the least 
activation energy is, in that order: - catalytic (for most active chars), surface area 
dependent (for medium reactive chars, which may not contain active ash), and controlled 
by imperfections in the turbo static carbon structure (for the least active, most graphitic 
chars). These observations are similar to pine chars and also in line with the overall 








Figure 4.9 Correlation between initial reactivity and initial physical and chemical parameters 
of chars. A. Total CO2 Surface Area (m
2
/g) B. Micropore Area (m
2
/g) C. H/C atomic ratio. D. 
O/C atomic ratio. E. Potassium Content (wt.%)  F. K/Si atomic ratio 
 A                                                                      B 
 C                                                                      D 
 E                                                                      F 
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4.4 Conclusions. 
 In this chapter, we studied high-pressure pyrolysis of switchgrass at industrially 
relevant heating rates. We chose switchgrass because it is the considered to be a highly 
favorable energy crop for bio-energy generation. From a point of view of feedstock 
variability, the differences between ash in switchgrass and pine make it an interesting 
feedstock to study.  
 Generally, the pyrolysis chemistry of switchgrass is similar to that of pine. The 
major product gases during switchgrass pyrolysis are CO2, CO, and H2. C2-C4 
hydrocarbons and PAHs are products of secondary and tertiary pyrolysis reactions. 
Proteins in switchgrass contribute to nitrogen containing tar species such as indoles and 
carbonitriles. Pyrolysis of switchgrass generated highly microporous; high surface area 
chars. The effect of pyrolysis temperature and residence time on char properties was 
largely similar to that in pine. Increasing residence time generated more carbonaceous, 
more graphitic chars with larger meso and macro pores. The intensity of residence time 
effect in pine is much larger than what is observed in switchgrass. We attribute this to the 
differences in the volatile release of the two biomass species. Pine, being a woody 
biomass with low ash content readily undergoes morphological transformations on 
thermal treatment. Switchgrass, on the other hand, has portions which do not melt and 
swell as readily. We attribute this resistance to the high ash content, especially the higher 
silica content in switchgrass. This resistance to melting and swelling possibly affects the 
volatile release during switchgrass pyrolysis. Volatiles releasing during pine pyrolysis do 
not encounter this resistance. In the case of the residence time effect, only the intensity of 
change between pine and switchgrass is affected. Consequently, the initial reactivity 
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difference between short and long residence time chars is much higher in pine than in 
switchgrass.  
 Volatile release was also considered to be a dominant mechanism affecting char 
properties as the temperature increased from 600 °C to 800 °C. In the case of pine, the 
surface area evolution is complete by 800 °C, while in the case of switchgrass, the 
surface area is still developing. However, the chars in both feedstock became more 
carbonaceous and less reactive as the temperature increased from 600-800 °C. The 
intensity of change was much more in pine, than in switchgrass, as expected. Structural 
shrinkage was suggested to occur at 1000 °C in both pine and switchgrass, causing a 
drastic reduction in gasification activity (overall), and forming highly carbonaceous 
chars, with lower micropore area. The chars at 1000 °C also exhibited melting and 
agglomeration to form large fused particles in case of both feedstock. In general, as the 
degree of carbonization increased, the differences between the original feedstock 
reduced.  
Volatile release is considered to affect the char properties at different pyrolysis pressure 
as well. In switchgrass, pressure did not create dramatic changes in char properties or 
their initial activity. However, the effect of pyrolysis pressure on char structure becomes 
apparent in the overall gasification behavior. Comprehending the overall gasification 
reactivity changes across the entire conversion range was beyond the scope of this work. 
Our speculation, based on literature sources, suggests that, the gasification reaction for 
both the feedstock, goes through three changes in mechanism constituting three regimes; 
Initial high reactivity (catalytic), regime with unreactive carbon, and a third regime which 
involves sudden exposure of active sites which were encapsulated by unreactive carbon. 
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The initially reactivity of most active chars correlated with the K content, of the medium 
reactivity chars correlated with the surface area, and the least reactive chars correlated 
with the heteroatom content. In general, the K/Si ratio was found to be the best descriptor 
of the CO2 gasification reactivity of all the chars generated in the PEFR. The initial 
reactivity of pine chars was lower than switchgrass by a factor of 2-14 depending on the 


















CO-GASIFICATION OF BIOMASS-COAL BLENDS 
 
5.1. Background 
 While biomass gasification has numerous advantages, a number of challenges are 
associated with the effective utilization of biomass [182]:  
a) Biomass supply is limited and varies with the seasons. 
b) Biomass density is low and its long-distance transportation is expensive. 
c) Relatively large amounts of tar are formed at low gasification temperatures. 
 Considering these challenges, it is more economically attractive and less 
technically challenging to co-combust or co-gasify biomass wastes with low-rank coals 
[183, 184]. Co-gasification is believed to have the following advantages: 
i. Biomass sources are rich in alkali and alkaline earth metals and hence can provide 
cheap catalyst for improving the efficiency of coal gasification [185]. 
ii. Supply logistics of biomass become easier to make the process economically 
feasible [24]. 
iii. Possibility of lower tar formation due to higher gasification temperatures [186]. 
iv. Possibility of lowering emissions of CO2 and other pollutant gases (SOx, NOx 
etc.) [187]. 
 Gasification consists of two steps: devolatalization (or pyrolysis) and char 
gasification. Pyrolysis is a fast step (occurring at temperatures below 600 °C), and char 
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gasification is a slower, rate-limiting step (occurring at temperatures above 700 °C). 
Hence, these two processes can be considered to occur in series. Studies on char 
gasification kinetics are important in gasifier design. Many studies have focused on the 
interaction of coal chars and biomass chars during co-gasification. Some of them have 
reported synergy in the gasification rate of the blend [74, 185, 188], whereas in some 
cases inhibition during gasification was observed [185, 189].  
 From the previous chapter as well as from literature, it is established that the 
alkali and alkaline earth metals present in switchgrass catalyze char gasification [190]. 
Particularly the mobility of potassium allows the transfer of catalyst from the biomass 
feedstock to another feedstock [191]. Therefore, co-feeding potassium rich feedstock 
such as switchgrass with a potassium deficient coal is expected to promote the 
gasification of coal. There is also enough evidence in literature that potassium added to 
coals in various forms (through biomass, as K2CO3, KOH etc.) can be deactivated by the 
mineral matter in coal, forming catalytically inactive compounds such as potassium 
aluminosilicates  [191-193]. Recently some authors found inhibition of the reaction rate 
during co-gasification of switchgrass (from Manitoba, Canada) with sub-bituminous coal 
(from Alberta, Canada), which they attributed to aluminosilicate formation [185]. 
However, the same paper also reported synergies in co-gasification of switchgrass-coke 
because of the absence of any interfering inorganic matter.  
 In this context, the objective of this study is to examine the synergy and inhibition 
effects during co-gasification of low-grade lignite (Texas Lignite) coal or bituminous 
coal (Illinois#6) and switchgrass. Switchgrass is rich in potassium and silicon while the 
coals contain much lower potassium and a large amount of silicon. The effect of addition 
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of switchgrass, in the form of char or ash, to coal char, has been explored. In some cases, 
pine char or pine ash were used to test the co-gasification behavior of a calcium rich 
biomass (containing negligible silica), with coals.  
 Biomass and coal chars in this study were generated at high-heating rate, high 
pressures in the PEFR as well as in a quartz tube furnace (atmospheric pressure and low 
heating rates). These chars were analyzed using a number of analytical techniques which 
helped in the interpretation of the co-gasification data. 
5.2 Experimental Methods. 
5.2.1 Materials.  
 Lignite coal was obtained from a mine in Texas. Illinois #6 (Herrin) coal was 
used as a bituminous grade. The coals were pulverized in a ball mill and the 90-106 µm 
size fraction was used for experimentation. Switchgrass (Panicum Virgatum L.) from 
NREL and loblolly pine (Pinus taeda) from Oglethorpe, GA were used as biomass 
sources. Switchgrass and pine were ground in a Wiley mill. The 180-250 µm size fraction 
was used for all experiments. Avicel® PH-101 (50 μm) was purchased from Sigma 
Aldrich. K2CO3 anhydrous was purchased from EM Science (Merck KGaA), CaO was 
purchased from Fischer Scientific, and fumed SiO2 was from Sigma Aldrich. 
5.2.2 Reactors.  
 Pulverized coals and switchgrass were pyrolyzed in a horizontal tube reactor 
shown in Figure 5.1. The reactor consists of a Thermolyne (F79335-70) horizontal 
furnace with a 2 inch bore which holds a quartz tube. The feed to be pyrolyzed was 
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placed in a quartz boat inside the quartz tube. The furnace was heated in N2 (500 ml/min) 
at 15 °C/min to the pyrolysis temperature of 800 °C and held at the temperature for 60 
minutes. The furnace was then cooled to room temperature in N2. The char generated in 
the boat was weighed and stored in glass vials. Ultra high purity grade (99.999%) N2 was 
used for all pyrolysis experiments. The chars thus generated in the quartz reactor were 
labelled as low heating rate (LHR) chars. For convenience, in the rest of this chapter 
Texas lignite, bituminous, and switchgrass are abbreviated as TxL, Bit., SG respectively. 
TxL LHR, SG LHR, Bit. LHR refer to the chars formed in the quartz reactor. 
Texas lignite, switchgrass, pine, and Avicel were also pyrolyzed in the PEFR to generate 
high heating rate chars. These chars were generated at 800 °C, 5 bar, and residence time 
of 28 s. The PEFR was described in detail in Chapter 2. These chars are referred to as 
TxL_800_5, SG_800_5, P_800_5, and AC_800_5, respectively. 
 The quartz reactor was also used to generate ash from switchgrass, pine, and 
Texas lignite coal used in this study. For ashing, the feed material was heated at 5 °C/min 
 
 
Figure 5.1 Schematic of the quartz reactor for char pyrolysis. 
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to 400 °C in ultra-high purity air (500 ml/min) and held at the temperature for 2 hours. 
The temperature was then ramped at 25 °C/min to 800 °C and held there for 20 minutes. 
Table 5.1 lists the complete set of experimental conditions used in this study for char 
generation. 
5.2.3 Characterization.  
 Proximate and ultimate analyses were performed by Huffman Laboratory, 
Golden, CO. ICP-AES was also performed by Huffman Laboratories for bituminous feed 
and all the chars generated in quartz reactor (LHR). ICP-AES for the rest of the samples 
was performed by the analytical group at the Renewable Bio products Institute (RBI), 
Atlanta, GA. SEM and XRD were performed using the same procedure as described in 
the previous chapters. Physisorption procedure for pine, switchgrass and the 
corresponding PEFR chars has been listed in Chapters 2 and 4, respectively. The 
physisorption procedure for the coal feeds and the coal chars was similar to that described 
in Chapter 4 for switchgrass.   
 
 
Table 5.1 Reactors and operating parameters for char generation from biomass and coal 
feeds. 
 
 Pine Switchgrass Texas lignite Bituminous 
PEFR (800 °C, 5 bar, 28 s)     
Quartz reactor (800 °C, 1 bar, 60 min.)     
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5.2.4 Char Gasification.  
 Chars were gasified in an atmospheric TGA described in detail in Chapter 3. 
Chars were placed in a 90 µl alumina crucible and heated at 25 °C/min to 800 °C in N2 
(200 ml/min). The temperature was held constant for 10 min in N2. The gas environment 
was then switched to 100 % CO2. Weight loss versus time data were recorded and 
conversion and reactivity were calculated according to equations 9 and10 in Chapter 3. In 
the case of the Avicel char mixtures used in this study, gasification was performed at 900 
°C. 
5.3 Results and Discussion. 
5.3.1 Characterization of Feed and Chars.  
 Proximate and ultimate analyses of the feedstock and chars are shown in Tables 
5.2 and 5.3, respectively. Generally the biomass feeds have higher volatile matter and 
lower fixed carbon content than the coals. This is because they have almost twice the 
amount of O than that present in coals. Even the biomass chars generally have higher O 
content than the coal chars. Coals generally have higher N and S content than biomass. 
Amongst coals, a higher grade coal like bituminous has a larger fixed carbon content and 
lower volatile matter than lignite coal.  
 The difference in the fixed carbon content (as shown in Table 5.2) is manifested 
during the pyrolysis of these materials. On pyrolyzing in the quartz reactor, around 60 % 
carbon from the coal feeds was retained in coal chars, while only 40 % of the carbon 
from biomass was retained in biomass chars. (Table 5.3). 
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 Another notable fact is that there is an order of magnitude difference between the 
ash content of these feed materials. Previous chapters have shown that the composition of 
ash is more important than the content. Table 5.4 shows the ash analysis of the feeds 
(denoted as wt. % of ash). Switchgrass ash is rich in K and Si, pine is rich in Ca and K 
and lacks Si. Lignite ash is rich in Si and Ca, while bituminous ash is rich in S and Si. 
Both the coals lack substantial amount of K in their ash. Also, both the coals are rich in 
Al, which can potentially form aluminosilicate and inhibit gasification reaction. 
 Table 5.4 also shows the absolute amount of inorganics present in chars. 
TxL_800_5 contains no K, whereas SG_800_5 contains 4.7 % K. Both the chars contain 
equivalent amounts of Ca and Si. Bit. LHR char is rich in Si, and P_800_5 char is rich in 
Ca followed by K. 
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Table 5.2 Proximate analysis of biomass and coals. 
 
 Moisture  Volatile Matter Fixed Carbon Ash  
 wt.% wt.%  wt. % wt. % 
Pine 8.8 70.9 20.1 0.3 
Switchgrass 5.8 70.0 19.4 4.8 
Texas Lignite 6.9 41.6 37.9 13.7 











Table 5.3 Ultimate analysis of feeds and chars (dry basis). 
NA= Not Available, *Oxygen measured by microanalysis 
 
 
 C H N O  
(By 
diff.) 
S Ash H/C O/C Carbon Yield in 
LHR Char (wt. % 
of carbon in 
biomass) 
 wt. %    
Switchgrass (SG) 47.6 5.83 0.56 42.2 0.08 3.74 1.46 0.67 - 
Pine (P) 50.7 5.97 0.07 43.0 0.02 0.28 1.40 0.64 - 




67.6 4.55 1.28 13.3 3.29 9.9 0.80 0.15 
- 
Avicel 44.3 6.19 0.02 49.5 0.02 <0.05 1.67 0.84 - 
 
        
 
SG LHR char 74.4 0.87 1.23 8.02 0.07 16.5 0.14 0.08 41.41 
TxL LHR char 70.7 0.89 1.1 6.35 0.59 23.1 0.15 0.07 63.01 
Bit. LHR Char 76.1 0.83 1.21 5.42 1.88 14.9 0.13 0.05 65.56 
 
      
  
 
SG _800_5 (PEFR) 62.7 1.15 0.95 NA NA 19.09 0.22 NA NA 
P_800_5 (PEFR) 91.5 1.38 0.30 9.7 NA 6.8 0.18 0.08 NA 
TxL_800_5 (PEFR) 64.6 1.66 1.40 NA NA 23.1 0.31 NA NA 





     
 
Table 5.4 Major inorganics present in feed (wt. % of ash) and chars (wt. % of char) 
 
 Al Ca Fe Mg K Si S 
 wt.% of ash 
Switchgrass (SG) 0.1 9.8 0.3 6.7 32.0 49.0 2.1 
Pine (P) 1.4 42.6 1.1 15.9 31.2 3.8 4.1 
Texas Lignite (TxL) 9.7 25.4 4.2 5.3 0.4 45.2 9.7 
Illinois #6 Bituminous coal 
(Bit.) 
12.8 2.8 14.8 0.7 2.1 25.5 41.3 
 wt. % of char 
SG LHR char 0.01 0.90 0.01 0.51 3.53 3.70 0.07 
TxL LHR char 1.49 2.54 0.49 0.60 0.10 5.11 0.60 
Bit. LHR Char 1.52 0.34 1.80 0.08 0.25 3.07 1.81 
 
       SG _800_5 (PEFR) 0.08 1.14 0.02 0.69 4.73 4.90 
 P_800_5 (PEFR) 0.18 1.67 0.13 0.21 0.43 0.29 







Table 5.5 Surface area of feed and chars. 
 









CO2 area by 
factor 
 m2/g m2/g m2/g m2/g  
Switchgrass (SG) 40.2 0.7 41.0 0.4  
Pine (P) 43.3 2.2 33.7 1.4  




133.2 9.5 112.1 8.1  
      
SG LHR char 204.1 1.5 190.7 0.6 5 
TxL LHR char 362.5 14.1 270.8 6.5 3 
Bit. LHR Char 367.1 0.8 339.1 0.3 3 
      
SG_800_5 271.6 19.8 275.0 5.3 7 
P_800_5 314.0 7.6 311.9 6.0 7 
TxL_800_5 345.1 144.5 309.2 16.6 3 
AC_800_5 110.2 6.4 119.2 3.3  
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 Table 5.5 shows the surface areas of feeds and chars used in this study. Coals 
were found to be generally more microporous and have larger surface areas than biomass. 
The same applies to the respective chars. However, notable differences are seen in the 
last column where the fraction of increase in CO2 surface area of chars relative to the 
starting feed material is calculated. We observe that, the magnitude of increase in the 
surface areas of biomass chars as a result of devolatilization process is higher than the 
increase in coal chars. Especially, at high heating rates in the PEFR, the sudden release of 
volatiles and gases leads to a surface area increase by a factor of 7 in biomass chars, 
while in the case of lignite chars, the area increases only by a factor of 3.  
 These differences amongst coal and biomass chars are apparent in the SEM 
micrographs shown in Figure 5.2. In the case of switchgrass chars, pyrolysis at 1 atm at a 
low-heating rate in the quartz reactor did not cause a significant change in morphology. 
The gases and volatiles released through the natural porosity of the material without 
causing significant morphological changes. However, at high heating rates, the biomass 
particles appear swollen. This could be due to two events occurring simultaneously: the 
biomass particles approach their surrounding temperatures at a high heating rate and 
assume liquid-like properties; and the biopolymers start decomposing to gases at the 
same time. Some gases might be secondary decomposition products from the primary tars 
or other volatiles. These gases are trapped inside the molten biomass particle and try to 
escape even as more gases are formed from the decomposition reactions. This creates a 
balloon-like effect and results in the particles becoming swollen. On the contrary, in case 
of both the coal feed as well as the coal chars, the effect of pyrolysis on morphology was 
not as dramatic, irrespective of the pyrolysis conditions. 
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Figure 5.2 SEM micrographs of the feed and chars formed at various pyrolysis conditions in 
the quartz reactor (LHR) and PEFR. 
SG Feed SG LHR SG _800_5 
Bit.  Feed Bit . LHR 
TxL _800_5 TxL LHR TxL Feed 
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5.3.2 Co-gasification of Texas Lignite-Biomass Blends.  
 TxL feed contains lower amount of K than SG and it was believed that this K can 
catalyze lignite char gasification. However, it was found that TxL char from the PEFR 
was more reactive than the corresponding SG char (Figure 5.3). This result was 
consistent irrespective of the pyrolysis conditions (see Appendix D Figure D.2. for 
comparison of LHR chars). These differences in reactivity could be attributed to any of 
the following char properties: the higher surface area of lignite char, the higher H/C ratio 
(in case of PEFR chars only) as well as higher Ca content in lignite chars compared to 




Figure 5.3 Conversion versus time for Texas lignite and switchgrass chars gasified in 100 
% CO2 at 800 °C 
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 When physical mixtures of SG ash with TxL char (TxL_800_5) were gasified, a 
significant reactivity increase was observed (Figure 5.4). By addition of as little as 10 wt. 
% switchgrass ash, the gasification time was halved. The reactivity vs. conversion plots 
are shown in Appendix D (Figure D.3). This clearly shows the catalytic effect of the 
inorganics in SG ash. SG ash contains both K and Ca, and it is difficult to link the 
catalytic effect of SG ash to one specific element. These results suggest that the lower 
reactivity of SG char in Figure 5.3 could not necessarily be due to the inactivity of ash in 
the SG char. It could possibly be either or all of the factors discussed above.   
 After establishing positive catalytic role of SG ash on lignite gasification, we 
further explored the effect of variation of the ash sources on lignite char reactivity. To 
this end, physical mixtures of TxL_800_5 char (containing Si and Ca, no K) with other 
 
 
Figure 5.4 Conversion vs. time for 100 % gasification (800 °C) for physical mixtures 
of switchgrass ash and TxL_800_5 
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inorganics of varying compositions were gasified. These were: K2CO3, CaO, pine ash (Ca 
and K, no Si), and TxL ash (Ca and Si only, no K). Figure 5.5 shows a plot of reactivity 
(averaged over 20-80 % conversion) as a function of amount of inorganics added to 
TxL_800_5 char. The char by itself has finite non-zero reactivity plotted on the y-axis (0 
% additive). With the addition of increasing amounts of CaO or TxL ash, the reactivity 
increased to a small extent. The addition of CaO and TxL ash means adding Ca as a 
catalyst. In Chapter 3, we inferred that CaO can sinter at higher concentrations, and 
hence, the reactivity does not increase beyond a certain point. Higher reactivities were 
observed upon addition of K and Ca containing catalyst such as pine ash, SG ash. The 
highest reactivity was observed with the addition of K2CO3, though not significantly 
higher than pine and SG ash. Similar results were obtained when another rate parameter 
t50% (i.e. time take to achieve 50% conversion, see Figure D.4.) was plotted as a function 
of additive weight fraction. Since the overall rate enhancement by addition of TxL ash 
and CaO is not significant compared to the other inorganics, these were not explored 
further in this study. To summarize, pine and SG ash can be considered to be equally 
good catalysts for enhancing the gasification rate of lignite char as the addition of K2CO3. 
This is a promising result, as biomass ash can serve as a low cost catalyst substitute 
instead of addition of K2CO3 or CaO during coal gasification [194], without 
compromising on the catalyst efficiency. This is applicable to gasification process where 
a fraction of ash generated is recycled back with the feed.     
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 Figure 5.5 provides a big picture, however a direct comparison between different 
inorganics cannot be made because of their varying compositions. Also, the inorganic 
composition was measured only at the start of the gasification reaction and this 
 
 
Figure 5.5 Effect of addition of various amounts of inorganic sources to TxL_800_5 char 






Figure 5.6 Initial reactivity (5-10 % conversion) plotted against K/C for mixtures of 
TxL_800_5 and inorganics (100 % CO2, 800 °C) 
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composition might change as more C gasifies. Thus, the measured inorganic composition 
can be correlated only to the initial gasification rate. Figure 5.6 shows a plot of initial 
reactivity (5-10 % conversion) as a function of K/C atomic ratio in different physical 
mixtures of TxL char with inorganics. The R
2
 value for a linear fit for the data in Figure 
5.6 is 0.76, which is a fair correlation. It can be seen that, with an increasing 
concentration of K, the reactivity increases, but the rate of increase is different in each 
case (K2CO3>Pine ash>SG ash). If we were to consider a specific (say, K/C=0.1), the 
differences in the rate could be attributed to: a.) differences in the calcium content or b.) 
some other factor. K2CO3 does not contain Ca, and its rate is the highest, so we can 
ignore Ca content as one possibility. K is a mobile element and this can eliminate K 
dispersion as another factor from our consideration. However, the mobility of K could be 
different for different counter-ions it is bonded to in the ash. Silica is one such counter-
ion which is known to readily react with K to form potassium silicates as discussed 
earlier. Also silica is abundant in lignite char as well as SG ash. Figure 5.7 shows the 
initial rate plotted against the K/Si ratio for each of these physical mixtures.  
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 It can be seen that that the gasification rate is proportional to K/Si. The R
2
 value 
for this plot is 0.86, which is an improvement over 0.79 for Figure 5.6. Potassium silicate 
formation is known to cause negative effects on the gasification rate [193]. The 
differences in the rate between the different sources of K can now be explained by the 
possible formation of potassium silicates. TxL_800_5 has a finite reactivity at K/Si=0 
probably because of the char surface area, H- and O- containing groups, and other 
inorganics like Ca present in the char itself. To summarize, the gasification reactivity of 
Texas lignite char can be greatly enhanced by biomass ash, and the initial rate of 
gasification of the mixtures is proportional to its K/Si, irrespective of the source of K and 
Si.   
 The data points shown in Figure 5.7 have different Ca content. In order to prove 
that potassium silicates do form at the gasification conditions used in this study, we used 
 
 
Figure 5.7 Initial reactivity (5-10 % conversion) plotted against K/Si for 
mixtures of TxL_800_5 and inorganics (100 % CO2, 800 °C) 
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Avicel char as a model char containing negligible inorganics (see Table 5.4). Physical 
mixtures of Avicel char from the PEFR (AC_800_5) with K2CO3, and K2CO3+fumed 
SiO2 were gasified in the TGA in 100 % CO2 at 900 °C. Higher gasification temperature 
was used because the reactivity of Avicel char at 800 °C was too low to establish a 
baseline. The conversion vs. time curves for AC_800_5+K2CO3+SiO2 mixtures (for a 
K/C=0.045) are shown in Figure 5.8A. The dotted line at the bottom of the plot shows the 
reactivity of AC_800_5 as a function of time, which is very low as expected. It takes 
about 10 mins for AC_800_5+K2CO3 mixture in the absence of SiO2 to achieve complete 
conversion. With the addition of SiO2 to AC_800_5+ K2CO3 mixtures, gasification rate 
decreased. At K/Si=2.67, the time taken for complete conversion was 18 min. From 
Figure 5.8A, we can also see that the differences between rates of the curves are higher at 
higher conversions. This becomes clearer in Figure 5.8B which shows the instantaneous 
reactivity against conversion.  As the conversion increases, the difference in the reactivity 
values between different curves  
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increases. Let us focus at the initial stages of conversion (5-10 %) in Figure 5.8B. The 
reactivity difference between K/Si= 0.35-1.19 is more than the reactivity difference 
 
                               A                                                                        B 
  
 
                                     C                                                                D 
 
 
Figure 5.8 A. Conversion vs. Time for AC_800_5+K2CO3+SiO2 (at K/C=0.045) B. 
Instantaneous reactivity vs conversion for the curves in A. C. Initial reactivity (5-10 % 
conversion average) values for AC_800_5+K2CO3+SiO2 (for K/C=0.045, and 
K/C=0.0143) D. Instantaneously reactivity (75-80 % conversion average) for 




between K/Si=1.19-2.67. Numerical values of reactivity at low conversions as a function 
of K/Si have been plotted to visualize this trend (Figure 5.8C). Below K/Si~1.3 the effect 
of the increase in the ratio on reactivity is linear. Above K/Si~1.3, the increase in the rate 
is very low. This behavior could be associated with the rate of mobilization of K on the 
char surface followed by the rate of reaction of the mobiliized K with SiO2. At lower 
concentrations of K (K/Si <1.3), most of K must be mobilized at low conversions and 
would be available to SiO2 for reaction. At larger concentrations of K (K/Si >1.3), the 
time taken to achieve 5-10 % conversion might not sufficient enough to mobilize all of 
the K and form silicates. Hence the differences in initial reactivity are not as large at 
K/Si>1.3.  
 Now let us concentrate on the reactivity profile (Figure 5.8B) at a conversion 
level of around 0.8. By the time the conversion has reached 0.8, sufficient time would 
have passed for a large fraction of K to mobilize and react with SiO2. Figure 5.8D shows 
the instantaneous reactivity value at 75-80 % conversion as a function of K/Si variation. 
For mixtures with K/Si <1.3, all the available K must have already reacted with SiO2 by 
the time conversion is 80 %. For K/Si>1.3, the rate increases linearly. This means that 
above the threshold K/Si~1.3, K must be in stoichiometric excess. This is analogous to 
the behavior in Figure 5.8C. The binary phase diagram (Appendix D, Figure D.5) of K2O 
and SiO2 suggests the existence of a complex K2Si2O5 at 900 °C [195]. This roughly 
corresponds to K/Si=1 (or ~1.3) and would be the stable form of silicate at these 
conditions. While Avicel is a model system, we can extend the forgoing interpretation to 
TxL char system. In the case of TxL char, the initial reactivity as a function of K/Si 
(Figure 5.7) increased linearly and did not reached a plateau like in the case of Avicel 
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char. This is possibly because K in TxL char is surrounded by other inorganics such as 
Ca which could delay the potassium silicate formation even further. Lignite char also 
contains Al which may lead to the formation of KAlSiO4 [189]. However probing the 
possible eutectics of Ca and Al with K and Si is beyond the scope of this work and could 
be considered for future studies.   
5.3.3 Co-gasification of Bituminous Coal and Biomass blends.  
 Compared to the lignite and switchgrass chars, bituminous coal char has a very 
low reactivity as shown in Figure 5.9. 
 
Bit. LHR char has a higher C content and lower H/C and O/C ratios than the other LHR 
chars (Table 5.3). It also lacks the alkali and alkaline earth metals to catalyze its 
gasification reaction, which explains its significantly low reactivity (Table 5.4). Bit. char 
 
 
Figure 5.9 Conversion vs. time for 100 % CO2 gasification (800 °C) of low heating 
rate chars of switchgrass, lignite, and bituminous coal. 
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has a lower amount of silica than the lignite char, and hence, any K added to it will 
possibly be free for catalyzing carbon gasification. The same idea applies to Ca 
containing ash. Mixtures of bituminous chars with switchgrass (LHR) or pine (PEFR) 
chars showed significant synergy during co-gasification (Figure 5.10A-B). In Figure 
5.10, the predicted curves were calculated by taking a weighted average of the conversion 
achieved in a specific time interval in each individual  
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char. These curves are drawn under an assumption that there is no interaction between the 
Bit. LHR and Pine/SG chars. The results show that, SG LHR is more reactive than 
P_800_5. Hence, 50:50 mixtures of Bit.:SG chars completely gasified in 250 minutes., 
while 50:50 Bit:Pine mixture took 400 minutes for achieving complete conversion. In all 
 




Figure 5.10 Gasification in 100 % CO2, 800 °C A. Conversion vs. time plot for the 
mixtures of Bit LHR+ SG LHR chars showing the experimental (solid) and the 
predicted (dashed) curve. B. Conversion vs. time plots for Bit LHR + P_800_5 chars 
showing the experimental (solid) and predicted (dashed) curves. C. Specific reactivity 
versus conversion profile of pine and Bit chars and their mixtures. 
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of these mixtures, the biomass char portion of the mixture probably gasifies faster, 
continually leaving behind catalytic ash, which subsequently gasifies the carbon from Bit 
char. This can be visualized from the experimental and predicted curves (of Bit:SG 
50:50) in Figure 5.10A. The two curves closely follow each other until a conversion of 
0.5. This is possibly when the carbon from the biomass char is getting consumed. After 
conversion of about 0.5, the ash that is left behind as residue of SG char possibly 
catalyzes the gasification of the Bit. char. The reason that synergy is observed at later 
conversions could also be attributed to the time it may take for the K in biomass char or 
ash to mobilize and spread over the carbon in coal char. In Avicel char, the K mobility 
effects became most apparent at higher conversion levels (Figure 5.8B). The behavior of 
the other experimental and predicted curves in Figures 5.10A-B could be similarly 
explained. The synergistic effect is thus manifested at higher conversions, leading to an 
overall faster gasification rate of coal-biomass mixtures. This can also be observed from 
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the shape of the reactivity versus conversion plot in Figure 5.10C. The shape of 50:50 
mixture of Bit.:Pine initially follows the shape of pine char, up to a conversion of 0.6, 
while at later stages of conversion, the profile is much different than that of the pine char 
alone. This is possibly when the carbon from bituminous char is being gasified.  
 Gasification of Bit LHR char with the ash obtained from pine and SG feeds was 
also studied. Unlike the char mixtures, it was found that the initial reactivity of the ash 
mixtures was the same, irrespective of whether the ash is from pine or SG (Figure 5.11 
A-B). To provide a perspective of time, the time taken for 50 % conversion of mixtures 
of Bit LHR with pine/SG ash was approximately the same (Appendix D, Figure D.6). 
The obvious question is: why does the source of biomass matter in the char mixtures 
(Figure 5.10) and not the ash mixtures (Figure 5.11). This is possibly because, when 
biomass char is gasified with coal char, the gasification behavior is dependent on the 
nature of carbon in biomass, the nature of carbon in coal, and the ash present in the two 
 
 
                                   A                                                                      B 
 
Figure 5.11 A. Effect of addition Pine/SG ash on the initial reactivity (5-10 % 
conversion) of Bit. LHR char. B Initial reactivity (5-10 % conversion) values for varying 
K/C ratios in the Bit LHR+Pine/SG ash mixtures. 
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chars. When biomass ash and coal char mixtures are gasified, the carbon component from 
biomass is absent. Hence, the reactivity profile is a function of the carbon in the coal 
char, and the ash composition of the mixture. Thus, the biomass source is not a factor in 
coal char/biomass ash mixtures. SG ash is rich in K and Si and pine ash is rich in Ca and 
K. Thus, the positive effect of K and Ca and the negative effect of Si seem to cancel each 
other and the ash from the two sources has the same catalytic potential. Our previous 
results from lignite chars also support this idea. 
5.4. Conclusions 
 In this study, the co-gasification behavior of Texas lignite and Illinois#6 
bituminous coals was explored using loblolly pine and switchgrass as biomass feeds. 
According to the two step approach of pyrolysis and char gasification, this work focused 
only on the char gasification of coal-biomass blends. Initial results showed that Texas 
lignite chars were more reactive than switchgrass chars possibly due to their higher 
surface areas, higher H/C, and higher Ca content. Ash from pine and switchgrass showed 
significant catalytic enhancement in the gasification rate of both the coal chars. In fact, in 
the case of lignite char, pine and switchgrass ash were shown to have equivalent catalytic 
activity as pure K2CO3, which makes these biomass feedstock cheap sources of 
gasification catalysts. The high catalytic activity of K in switchgrass ash is possibly 
lowered by the presence of Si in the ash, causing its overall catalytic effect to be similar 
to pine ash, which contains high Ca and low K, but no Si. This hypothesis was tested in 
lignite chars, where the gasification rate was proportional to K/Si irrespective of the 
source of K (pine ash or switchgrass ash). Model experiments using Avicel chars 
suggested that potassium has mobility and forms potassium silicates at the gasification 
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conditions used in this study. The threshold K/Si~1.3 was observed above which K is 
possibly present in stoichiometric excess for catalytic action. Lastly, significant synergies 
were observed in the mixtures of bituminous char with pine/switchgrass chars. We 
attribute this synergistic effect to the fast reaction of biomass char and the residual 













CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
WORK 
6.1 Summary and Conclusions 
 The overarching goal of this dissertation was to understand pyrolysis and 
gasification of biomass at conditions of practical significance. The feedstock studied in 
this work included two biomass: loblolly pine and switchgrass, and two coals: Texas 
lignite and Illinois#6 bituminous coals. The chars used in Chapters 2-4 were generated in 




 °C/s), high 
temperatures (600-800 °C) and high pressures (5-20 bar). The chars used in Chapter 5 
were generated in a quartz reactor at low heating rates and atmospheric pressure.  
 Chapter 2 dealt with the pyrolysis of loblolly pine. A variety of analytical 
techniques were employed to characterize pyrolysis chars, gases, and tars. Secondary and 
tertiary pyrolysis products were observed, especially as the severity of pyrolysis 
increased. The chars generated at high temperatures and high residence times were found 
to possess the most ordered graphite-like carbons and had low micropore surface areas. 
The pyrolysis pressure was observed to have a trend reversal in the char properties at 
intermediate pressure of 10-15 bar. The chars generated at 5 and 20 bar were most 
microporous, amorphous, and contained higher amounts of heteroatoms in the carbon 
matrix. The trend reversal as a function of pyrolysis pressure was attributed to the volatile 
release from chars which is mainly affected by pressure differential between inside and 
outside the char particle.  
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 The trends in the char structure and properties studied in Chapter 2 were reflected 
in their gasification behavior in Chapter 3. All chars were gasified in a TGA. Gasification 
was performed in CO2 as well as H2O. It was found that, an increase in pyrolysis 
temperature led to a reduction in CO2 (and H2O) gasification reactivity of chars. 
Reactivity in CO2 (and H2O) decreased in the pressure range of 5-10 bar and increased 
from 10-20 bar. The O/C and H/C ratios in char were found to correlate best with the 
initial CO2 (and H2O) activity. In case of both CO2 and H2O gasification, the overall 
reactivity consisted of three regimes of gasification: A fast regime attributed to catalytic 
inorganics or active H- and O- containing groups; a slow regime where the graphitic 
carbon was being gasified; and a slightly fast regime where the inorganics which were 
earlier encapsulated by the inactive carbon were exposed. Kinetic modeling of mixtures 
of CO2 and H2O gasification suggested that both the gasifying agents have at least a 
fraction of active sites that are shared in common. Using Avicel char as a model system, 
we demonstrated how the catalytic effect of K was stronger than Ca during CO2 
gasification. 
 Chapter 4 focused on pressurized pyrolysis and gasification of switchgrass. 
Trends in the evolution of pyrolysis gases and tars were similar to those observed for 
pine, but there were significant differences in the evolution of char morphology and 
chemical properties. This was because certain portions of switchgrass were resistant to 
swell and transform morphologically. This possibly affected the volatile release and the 
intensity of effect of pyrolysis temperature, pressure, and residence time on the char 
properties was much lower than in the case of pine chars. This consequently affected the 
gasification behavior of chars as well. We attributed the resistance to swelling in 
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switchgrass chars to the presence of silica rich portions. The K/Si ratio was found to be 
the best descriptor of initial char gasification reactivity of switchgrass chars. The 
underlying rationale for this ratio was explained in Chapter 5. The three regimes of 
gasification were also observed here, consistent with our observations with pine chars. In 
general, all switchgrass chars were more reactive than pine chars mainly due to the 
presence of large amount of K.      
  Chapter 5 explored the co-gasification of lignite/bituminous chars with 
pine/switchgrass chars. Lignite char was more reactive than switchgrass char possibly 
due to some or all of the following factors: high surface area, high H/C ratio, higher Ca 
content. However, lignite char mixed with pine/switchgrass ash still provided a higher 
reactivity. It was found that irrespective of the source of K (K2CO3, pine ash, switchgrass 
ash) added to lignite char, the initial reactivity was proportional to K/Si ratio. Avicel char 
was used to mimic the formation of potassium silicates at the gasification conditions used 
in this study. Thus, any source of K added to lignite char was deactivated by the SiO2 
present in lignite char, thus affecting its ability to catalyze gasification. The effect of 
addition of pine/switchgrass ash on the gasification reactivity of lignite was the same as 
the addition of pure K2CO3, which showed that biomass ash can serve as cheap catalyst 
for co-gasification. Promising synergies were observed in co-gasification of bituminous 





6.2 Recommendations for Future Work 
 6.2.1 Analysis of Overall Gasification Reactivity Profile.  
 In this work, relationship between char structure and its gasification reactivity was 
focused at low conversions. This was because chars were characterized following 
pyrolysis and hence its characteristics can be best reflected in its initial gasification 
behavior. There are some studies in literature that have analyzed structural changes in 
chars over the entire conversion range [139, 196-200]. Majority of these studies involve 
steam gasification of chars. It has been found that steam preferentially reacts with the 
smaller aromatic rings, leaving behind larger ring systems [139, 199]. Some claim that 
during steam reaction with carbon, adsorbed H radicals penetrate deep into the char 
matrix and induce aromatic ring condensation [196]. This makes the residual carbon 
more graphite-like and even harder to gasify. Comparison of the effect of steam versus 
CO2 on thermal annealing of char would be an interesting study. The presence of 
gasifying agent is also known to affect the form in which the inorganics may be present 
during gasification (carbonates in CO2 or hydroxides in steam) [198]. In this work, the 
CO2 and H2O gasification rate over the entire conversion range was measured and three 
regimes were observed. Partial gasification of chars to various conversions and complete 
characterization of the char at each conversion level will help better understand the 
evolution of these three regimes. This will shed more light into the mechanism of 




6.2.2 Langmuir-Hinshelwood Kinetics Models. 
 Langmuir-Hinshelwood model has been considered to be the best model to fit the 
kinetic data of char gasification [122]. Most of the past studies which provide a detailed 
kinetic analysis based on this model use biomass chars generated at atmospheric 
pressures and in lab-scale TGA type set-ups [201-203]. Also the experimental set-ups and 
biomass particle sizes used in these studies lie in the regime of mass transport limitations. 
Therefore, there is a need to quantify the intrinsic kinetic parameters for high-heating 
rate, high-pressure chars at conditions free from mass transport effects. This will help 
verify the product inhibition caused by gasification products - CO and H2 [204].  
6.2.3 Understanding the Role of Ca, Al, and Fe in Co-gasification.  
 In this work, we have studied the effect of K, Ca and SiO2 on char gasification 
with a specific focus on potassium silicate formation during co-gasification. We used 
Avicel chars as model char to mimic the complicating effects of other inorganics present 
in biomass or coal chars. These inorganics can lead to complex reactions/eutectic 
formation during co-gasification. For example, Ca has been known to act as a deterrent in 
potassium aluminosilicate formation by providing an inert layer over the kaolinite in 
coals and thereby preventing the catalytically active potassium from binding to kaolinite 
[205]. Ca-Fe complexes in coal slag have been found to have a catalytic effect in char-
gasification [206]. Potassium aluminosilicate formation is well known as a deterrent in 
catalytic activity of potassium [189, 207]. During co-gasification of K- or Ca- rich 
biomass feedstock with a Fe, Al or Si rich coal, it is important that the reactions between 
 168 
these inorganics are well understood. The effect of dispersion of these minerals should be 
taken into account as that would affect their catalytic behavior quite significantly.  
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APPENDIX A 
SUPPLEMENTARY INFORMATION FOR CHAPTER 2 
 
1. Proximate Analysis Protocol 
 Moisture and ash determination was performed by Huffman Labs, Golden CO. 
Moisture content was analyzed by drying biomass at 60 
°
C under vacuum overnight. Ash 
was determined after slowly stage ashing to 750 
°
C in air overnight and holding at 
temperature for 8 hours.  
 Volatile matter content was analyzed using TGA at Georgia Tech using ASTM 
E870-82 guidelines. Biomass (180-250 µm) was placed in a 90 µl alumina crucible and 
heated at 25 °C/min to 103 °C in flowing N2 at 100 ml/min. It was held isothermal for 30 
min. Biomass was further heated at 25 °C/min to 900 °C. The loss in weight between 
103-900 °C corresponded to the volatile matter in biomass. The fixed carbon was 
calculated using the formula 100-sum (moisture + ash + volatiles). 
 
Table A.1. Proximate Analysis of Feedstock 
 
   Proximate Analysis (% wt.)  












2. N2 versus CO2 Physisorption 
 N2 adsorption at 77 K has been commonly used to obtain information regarding 
surface area and pore size distribution of chars [208, 209]. It is considered advantageous 
due to the wide range of porosity that can be covered in the P/P0 range of 10
−8
 -1. Its 




) data are 
difficult to obtain because of several reasons: diffusional problems of the molecules 
inside the narrow pores (<0.7 nm), density changes of the adsorptive, lack of applicability 
of the Dubinin Radushkevich equation in such low relative pressure range, and different 
adsorption mechanisms according to the nature of the adsorbent/adsorptive [210]. Even 
though the critical dimension of the CO2 molecule is similar to that of N2 (0.28 nm for 
CO2  and 0.30 nm for N2), the higher temperature(273 K) of adsorption used for CO2 
results increased diffusion rates of the molecules enabling them to enter narrow pores. 
Therefore, CO2 adsorption has been proposed in literature as a good complementary 
technique for the analysis of the porous carbons, as it could be used to assess the narrow 
microporosity (size < 0.7 nm), where N2 adsorption is kinetically restricted [87-89]. The 
CO2 versus N2 BET area of all the chars generated in this study at 28 s are shown in 
Figure S1. All the points lie well above the 45° line, which indicates that most of our 
chars are microporous and that CO2 would be a preferred adsorptive over N2 for the 
determination of total surface area and micropore parameters. 
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Table A.2. Gas-phase equilibrium results  
 





RT= 28 s 
  T= 800 °C, P=15 bar, RT 28 s 




Kshift eq 0.634 0.51 CO 22 51 
Kshift exp 0.028 0.05 CO2 25 15 
Kshift exp/ Kshift eq 0.043 0.16 CH4 0.02 13 
       H2 51 20 
Kref eq 15 576       
Kref exp 0.001 0.31       
Kref exp/Kref eq 4.42E-05 8.84E-04       
 
Where, Kshift eq and Kshift exp are the calculated and experimental equilibrium constants of 
water-gas shift reaction. Kref eq and kref exp are the equilibrium constants of methane stream 
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APPENDIX B 













Table B.1. Experimental Matrix and Calculations of rate constants for section 3.4.4 
 
 
PCO2 r CO2 k1 k2 
  (5-10%) conversion    
10% 0.005098267 0.126004 14.71577 
20% 0.006391082     
    
PH2O r H2O k3 k4 
  (5-10%) conversion    
5% 0.005164889 0.54419 85.84052 
10% 0.005703665     
 
 
Two experiments using PCO2 (10 % and 20 %, in balance N2) were performed to find r 
CO2 and were used to solve for k1 and k2. Similarly, two equations in two unknowns 


























Table B.2 ICP-AES data for pine chars generated in the PEFR 
 
 Al Ca Fe K Mg Si 
Sample (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 
600_5 2227 8337 644 18407 2926 3325 
600_10 3357 3937 1037 10950 1737 7760 
600_15 1563 7814 1039 10259 1991 3836 
600_20 788 5608 718 7194 2174 1766 
800_5 1847 16652 1324 4303 2066 2875 
800_10 2215 6469 823 3038 1650 4338 
800_15 840 8330 653 2564 1602 3281 
800_20 757 4625 201 3504 2168 740 
1000_5 3615 3356 2655 8149 1823 3073 
1000_10 593 2826 2988 5213 1236 1266 
1000_15 415 1869 3956 4454 1185 534 




1. Mechanism of K-Catalyzed Gasification 
 
This is the mechanism as suggested by Moujlijn et al. [211]: 
 
𝐶𝑂2 + 𝐾𝑥𝑂𝑦⁡ ⇌ CO +⁡𝐾𝑥𝑂𝑦+1⁡⁡⁡⁡⁡⁡⁡⁡⁡ 
𝐾𝑥𝑂𝑦+1 + C⁡⁡ → (CO) + 𝐾𝑥𝑂𝑦⁡⁡ 
(CO) ⁡⁡⇌ CO⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ 
 
They also suggested various structure for the active sites for K catalyzed gasification: 
 
They have also suggested that the step I in the mechanism can also be extended to H2O 






















SUPPLEMENTARY INFORMATION FOR CHAPTER 4 
1. Proximate Analysis 
These tests were performed by Huffman Labs, CO. Loss on drying (moisture content) 
was determined in air at 105 ⁰C overnight.  All results are reported on an as received 
sample basis. Ash percentage was determined after stage ashing to 750 ⁰C and holding at 




Table C.1 Proximate analysis of switchgrass feed (180-250 μm) 
 
 
Moisture Volatile Matter Fixed Carbon Ash 
 
wt.% wt.% wt.% wt.% 











Figure C.1. Comparison between CO2 (DR) and N2 (BET) surface areas for all the 10 

































Figure C.2 XRD of switchgrass chars generated in the PEFR. 
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APPENDIX D 
SUPPLEMENTARY INFORMATION FOR CHAPTER 5 
 
 









Figure D.2. Conversion vs. time profile of low-heating rate chars of TxL and SG (Chars 












Figure D.3 Reactivity vs. Conversion plot for mechanical mixtures of switchgrass ash and 


























Figure D.6. Time taken to achieve 50 % conversion of Bit LHR char co-gasified with 
pine/SG ash (100 % CO2, 800 °C) 
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